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FOREWORD 

It is difficult to think of an industry that does not use metals in some 
way, either as raw materials or in tWform of machinery. This book 
is designed to provide person^ wdrkirig'Or intending to work in industry 
with a general background in the science of metals. It is written in such 
a manner that it may be used either for home study or in the classroom. 

The subject matter and the manner in which it is presented were 
chosen to make the book useful as a text in metallurgy for students 
specialising in other fields. It is suitable for use in colleges, junior 
colleges, technical institutes, apprentice training programs, and even¬ 
ing school courses. 

A considerable amount of space is devoted to grain structure and 
constitution diagrams since the author feels that a knowledge of these 
topics is necessary for an understanding of the effects of operations 
and alloying upon the properties of metals. Such topics as heat-treat¬ 
ing furnaces and their controls, the forming of metals, welding metal¬ 
lurgy, powder metallurgy, and laboratory procedure are included. It is 
expected that both the student and the instructor will make free use of 
standard reference books such as Machinery's Handbook and the ASM 
Metals Handbook. 

To make the book more suitable for classroom use, questions and a 
summary accompany each chapter. Such instructional aids as lists of 
laboratory equipment and an outline of a suggested laboratory course 
are included in the Appendix. Also, an outline of the necessary chem¬ 
istry for an understanding of the text material can be found in the 
Appendix. The author has found that about two class hours spent in 
studying the chemistry outlined in the Appendix precludes the necessity 
of a chemistry prerequisite. 

If a student wishes to look more deeply into a particular subject, 
he may consult the bibliography. This bibliography is divided by 
topics to make it easier to find the desired material. The numerous 
pictures in the text were chosen to illustrate the most modern methods 
and equipment. 

The author wishes to thank the many companies who have been so 
co-operative in furnishing illustrations and information. Credit is given 
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FOREWORD 


to t-ach of these companies in the text. (Figures 1-2. 1-3. and 1-5 are 
reproduced by permission from John Klberfeld, Strength and Properties 
of Materials. Xcw York, Harper & Brothers. 1942-) 

Special acknowledgment is given to the author's wife, who de- 
cii)hered an almost illegible handwriting and typed the manuscript. 


John- I’h.nKRFivi.n 


CONTENTS 


LIST OF ILLUSTRATIONS. 

CHAPTKR 

1. THE REFINING OF MET.ALS.. i 

Iron. Steel. Bessemer process. Open-hearth process. Electric 
furnaces. Castiron. Malleable cast iron. Wrought iron. Copper. 
Aluminum. Magnesium. 

2. MECHANICAL PROPERTIES OF M.VFERLALS. 14 

Metallurgy. Stress. Stress or unit stress. Strength. Stiffness. 


Elasticity. Plasticity. Strain. The stress-strain diagram. Elas¬ 
tic limit. Yield strength. Ultimate strength, or strength. Modu¬ 
lus of elasticity, or Young’s modulus. Modulus or rigidity, or shear 
modulus. Hardness. Machinability, Malleability. Toughness. 
Ductility. Creep. Fatigue. Temperature stresses. Crystalliza¬ 
tion. 

3. THE FABRICATION OF METALS. 22 

Casting. Pattern design. Casting design. Casting defects. Sand 
molds. Plaster of Paris molds. Fusible material castings. Per¬ 
manent mold castings. Semi-permanent mold castings. Die¬ 
casting. Centrifugal casting. Rolling mill. Tubing. Extrusion. 
Forging. 

4. GRAIN STRUCTURE. 37 

The atom. Crystal growth. Solidification of metals. Effect of 
grain structure on strength. Grain size. Effect of grain orien¬ 
tation. Work-hardening. Precipitation-hardening. Temperature 
effects. 


5. THE EQUILIBRIUM DIAGRAM. 44 

Cooling curve. Equilibrium diagram construction. Types of 
equilibrium diagrams. Case I. Case II. Case III. Principle 

of horizontals. Case IV. Case V. Other diagrams. 

6. THE IRON-CARBON CONSTITUTION DIAGRAM. 54 

Iron-carbon equilibrium diagram. Phases and constituents. Cal¬ 
culation of compositions. 

7. THE HEAT-TREATMENT OF STEEL. 59 

Steel. Austenite. Ferrite. Cementite. Primary constituents. 


Martensite. Primary troostite. Primary sorbite. Pearlite. 
Secondary constituents. Spheroidized cementite. Annealing. 
Normalizing. Case-hardening. Dispersion-hardening. Other 
methods of surface hardening. Mass effect. TTT-curves. 

VII 











^jjj CONTENTS 

(HAri I K 

8. FERROUS MET/VLS AND ALLOYS.. . . 

Steel classifications. S.A.E. classification. A.S.T.M. classification. 

Other classifications. Carbon-steels. Alloy steels. Effects of 
alloying. Nickel. Chromium. Manganese. Tungsten. i^Iolyb- 
(lenum. Vanadium. Silicon. Copper. Chrome-nickel. Chrome- 
vanadium. Chrome-molybdenum. Chrome-silicon. Aluminum- 
chromium. Cast irons. White iron. Cray iron. Malleable iron. 

.\lloy cast irons. 

9. NON-FERROUS METALS AND ALLOYS. ......... 81 

Hardening of elements. Copper. Nickel. Zinc. Tin. Lead. 
Antimony. Bismuth. Cadmium. Chromium. Magnesium. 
Aluminum. Cobalt. Tungsten. Tantalum. Non-ferrous al¬ 
loys. Brass. Bronze. Precipitation-hardening. Beryllium- 
copper. Aluminum alloys. Duralumin. Other aluminum alloys. 
Monel metal. Nickel-chromium. Magnesium alloys. Soft 
metals. Bearing metals. Zinc alloys. Cutting metals. 

10. WELDING METALLURGY. 9 -’ 

Welded joints. Welding metallurgy. Maximum temperature of a 
weld. Effect of cooling the metal. Effect of the weld position. 
Residual stresses. Effect of peening. Multiple beads. 

11. THE CLEANING AND COATING OF METALS. 99 

Cleaning metals. Tumbling. Blasting. Flame cleaning. Chip¬ 
ping. Brushing. Vapor degreasing. Solvent cleaning. Pickling. 
Alkaline cleaning processes. Electro-cleaning processes. Cleaning 
non-ferrous metals. Coating metals. Slushing compounds. Elec¬ 
troplating. Tinning. Zinc coatings. Sprayed metal coatings. 

12. POWDER METALLURGY. 109 

Manufacturing process. Powders. Advantages. Disadvantages. 

Applications. 

i,V^ FURNACES AND THEIR CONTROLS.. . 117 

Desired furnace characteristics. Fuels. Types of furnaces. Fuel- 
fired furnaces. Liquid baths. Heating mediums. Fdectric fur¬ 
naces. Induction heating. Flame-hardening furnaces. Atmos¬ 
phere control. Quenching fiuids. Pyrometry. Characteristics of 
thermocouples. Voltage measurements. Recording devices. Op¬ 
tical pyrometers. Segar cones. 

14. MICTAL TESITNG. 

Hardness. Tensile tests. Torsion test. Impact lest. F'atigue 
tests. Creep test. Magnallu.x. Radiography. Supersonic in¬ 
spection. Magnetic analysis. Spectrographic analysis. X-ray 
diffraction. Analysis of residual stress. 

15. METALLOGRAPHIC INSPECTION.U 9 

Obtaining samples. Mountingspccimens. F'acing. Grinding. Pol¬ 
ishing. Etching. Microscopic inspection of specimens. Correct 
magnification. Films and filters. Microscojics. Macro-inspec¬ 
tion. 











VIII 

I 11 MM ) K 

H. 


CONTENTS 


KKRROUS METALS AND ALLOYS. 

Steel classifications. S.A.L. classification. A.S.T.M. classification. 
Other classifications. Carbon-steels. .Alloy steels. Effects of 
alloying. Nickel. Chromium. Manganese. Tungsten. Molyb¬ 
denum. Vanadium. Silicon. Copper. Chrome-nickel. Chrome- 
vanadium. Chrome-molybdenum. Chrome-silicon. .Aluminum- 
chromium. Cast irons. White iron. Cray iron. Malleable iron. 
.Alloy cast irons. 

9. NON-FERROUS METALS AND ALLOYS. 

Hardening of elements. Cojiper. Nickel. Zinc. Tin. Lead. 
Antimony. Hismuth. Cadmium. Chromium. Magnesium. 
.\luminum. Cobalt. Tungsten. 'Tantalum. Non-ferrous al¬ 
loys. Brass, fironze. Trecipitation-hardening. Beryllium- 
copper. Aluminum alloys. Duralumin. Other aluminum alloys. 
Monel metal. Nickel-chromium. Magnesium alloys. Soft 
metals. Bearing metals. Zinc alloys. Cutting metals. 

10. WELDING ME TALLURGY. 

Welded joints. Welding metallurgy. Maximum temperature of a 
weld. ElTecl of cooling the metal. ElTect of the weld position. 
Residual stresses. ElTect of peening. Multiple beads. 

THE CLEANINC; AND COA TING OF MK'T.ALS. 


I [ 


Cleaning metals. 'Tumbling. Blasting. Flame cleaning. Chip- 
[)ing. Brushing. Vapor degreasing. Solvent cleaning. Tickling, 
.Alkaline cleaning processes. Electro-cleaning processes. Cleaning 
non-ferrous metals. Coating metals. Slushing comjmunds. Elec¬ 
troplating. Tinning. Zinc coatings. Sprayed metal coalings. 

12. POWDER ME'T.ALLURCiY... 

Manufacturing process. Powtlers. .Advantages. Disa<lvantages. 
.Applications. 

i.p'FURNACES AND THEIR CON TROLS. 

Desired furnace characteristics. fuels. Types of furnaces. F'uel- 
lired furnaces. Liquid baths. Heating metliums. Electric fur¬ 
naces. Induction heating. Flame-hardening furnaces. .Atmos¬ 
phere contrc)!. Quenching tluids. Pyrometry. Characteristics of 
thermocouples, \oltage measurements. Keconling devices. Op¬ 
tical pyrometers. Segar rones. 

14. MF/TAL TESTING 

Hardness. I ensile irsts. lotsion lest. ImjKu t test. Fatigue 
tests. Creep test. .M.ignaibix. Radiography. Supersonic in¬ 
spection. Magnet ii anal\ -'i-.. Spedrograi>bic analysis. X-ray 
diffraction. .Analysis of resivbi.il ,strv». 

15. M 1:1 ALLOCiR.VPlIlC IN^PI t l lON. 

Obt.tiningsamples, MouiitingsjiL-rimens. 1 ;u'ing. Ciriiuling. Pol¬ 
ishing. I'.tching. -M ii roscv)pir inspect ion ol specimens. Correct 
magiiitK at ion. films ami Idlers. M iv roscv>pes, Macro-'inspec- 
tion. 










CONTENTS 


CH.M’TKR 

APPENDIX. 

Outline of chemistry. Table of some elements showing atomic 
weights and properties. Temperature scale conversion formula. 
Suggested equipment for a metallurgical laboratory. Outline of a 
laboratory course in elementary metallurgy. Copper-nickel alloys 
(A compilation of common specifications). Low melting alloys. 
Suggested equipment for a materials testing laboratory. 

REFERENCE READING LIST. 

General. Manufacturing. Structure of metals. Ferrous metal¬ 
lurgy. Non-ferrous metallurgy. Welding metallurgy. Powder 
metallurgy. Furnaces and their controls. Materials testing. 
Laborator}-^ practice. 


INDEX 






THE JAMMU & KASHMIR UNIVERSITY 

LIBRARY. 










LIST OF ILLUSTRATIONS 


FICURK 

i-i. General construction of blast furnace in which pig iron is made. . 2 

1-2. Bessemer converter. 4 

1-3. Open-hearth furnace for making steel. 6 

1-4. Fifty-ton electric-arc furnace. 7 

1-5. Cupola furnace for making cast iron. 8 

1- 6. Hall-Heroult electrolytic cell. 11 

2- 1. Relationship between unit stress and total stress. 14 

2-2. Shear relationships. 15 

2- 3. Stress-strain diagrams . . •. 16 

3- 1. Sand mold. 23 

3-2. Wrong and right parting line. 23 

3-3. Flanges. 23 

3-4. Center-line weakness. 24 

3-5. Fillet strengthening corner. 25 

3-6. Making a sand mold. 26 

3-7a. Die closed and locked to receive metal to form casting. 28 

3-7b. Metal flowing into cavity in cover section of die. 28 

3-7C. Die cavity completely filled with metal. 29 

3-7d. Die opened to permit ejection of casting. 29 

3-8. Horizontal machine spinning a tube.30 

3-9. Comparison of grain structures of sand and centrifugal castings 30 

3-10. Hot ingots being rolled in blooming mill.31 

3-11. Number of passes and sequence in reducing billet to round bar 

stock.32 

3-12. Etched longitudinal section of billet showing refinement of grain 
structure and development of flow lines in direction of the 
working.32 

3-13. Wire-drawing die.33 

3-14. Skelp being formed into continuous butt-weld pipe.33 

3-15. Piercing operation in making seamless tubing.34 

3-16. Flow lines in a forging. 34 

3- 17. Forging an aluminum airplane propeller.35 

4- 1. Arrangement of atoms of cubic space-lattice.38 

4-2. Cooling curve showing freezing point.39 

4-3a. Macro-etch of dendrites. 39 


XI 

































xii LIST OF ILLUSTRATIONS 

Kr<;iRi-; 

4-3I). Grain formation in sand mold.49 

4-4. Boundary strain due to orientation of j;rains.40 

4-5. Random and aligned grain structure.41 

4- 6. (a) Strained grain showing slip planes, (b) Broken grain . . . 41 

5- 1. Cooling curve showing constant temperature transformation 

point.44 

5-2. Series of cooling curves of different alloy compositions.45 

5-3. Constitution diagrams made from Fig. 5-2. 4- 

5-4. Diagram for Case I alloy.46 

5-5. Diagram for Case II alloy.4y 

5-6. Kutectic diagram for Case III alloy. 48 

5-7, 5-8, 5-9. Grain structures for Case III. 49 

5*10. Diagram for Case IV alloy. 

5- 11. Diagram for Case V alloy. ri 

6- 1. Simplified diagram of iron-carbon alloys. 

h-2. (a) Body-centered lattice, (b) Face-centered lattice. 

7- 1. Steel i>ortion of simplified iron-carbon constitution diagram . . 59 

7-2. Martensite.5i 

7-3. Rearlite.5, 

7-4. Hypoeutectoid steel.62 

7-5. IIyj)ereutectoid steel.5> 

7-6. Compositions of slowly cooled steel.6’ 

7-7. Spheroidi/ed cementite.94 

7-8. Relationships between constituents and phases of steel.6^ 

7- 9. S- or I 1 ' I'-curve for a typical carbon-steel.08 

8- t, Guillet's diagram showing influence of percentage of nickel upon 

critical temperature of steel. . 

‘ . / 

u-i- Case I\ constitution tliagram showing method of precipitation¬ 
hardening .. 

lo-i. Zones of critical temi>eratures about a weld of 0.3*, carbon-steel 9^ 

10- 2. Areas of contact and possibility of heal conductance of various 

types of welds ... 

^ ‘ , Q.s 

to-3. FifTect of welding two metals having dilTerent cooling curves . . 9b 

11- i. Tumbling mill. 

11-2. Removing metal surface defects by burning.loi 

11- 3. Portable all-electric <legreaser using vapor-sj>ray.102 

12- 1. Die showing relationship between depth and diameter.no 

12-2. (a) Re-entrant angle which cannot be made by powder metal- 

lurgy. (b) 'l'vf)e of angle which can be made by powder 
metallurgy.' no 

*-“.b -Auton^alic powder press making gears. 


111 





























Fic.rRi; 


LIST OF ILLUSTRATIONS xiii 

12-4. Die '■barrel” and punch fitted to close tolerances but permitting 


air to be forced out under pressure.112 

13-1. Cross section of open-muffie furnace.118 

13-2. Cross section of semi-muflle furnace.118 

13-3. Cross section of muffle furnace. 119 

13-4. Gas furnace with controlled atmosphere. 119 

13-5. Small electric furnace.120 


13-6. Coil setup for induction-heating external surface of piece. . . . 
13-7. Fifteen-kw output electronic induction heater with sink for 


quenching.^22 

13-8. Internal coil for hardening inside surface.122 

13-C). Quench ring and heating coil with gear inserted in position. . . 123 

13-10. Automaticall}'^ controlled quenching operation.124 

13-11. Flame hardener which drops gear into quenching tank.125 

13-12. Gas flame nozzles trained on a rotating gear.126 

13-13. Voltage-temperature characteristics of various thermocouple 

metals.127 

13-14. Optical pyrometer with variable-intensity lamp.130 

13- 15. Optical pyrometer with constant-intensity lamp.130 

14- 1. Hydraulic Brinell hardness tester.132 

14-2. Brinell microscope.13.I 

14-3. Rockwell hardness tester.134 

14-4. Tensile specimen.13b 

i4-5a. Two-inch dial averaging e.xtenxometer.13b 

i4-5b. Two-inch marking block (open and closed views).137 

14-6. Small testing machine (hand operated).137 

14-7. Diagram of hydraulic testing machine.138 

14-8. Hydraulic testing machine . :.139 

14-9. Torsion testing machine.139 

14-10. Impact tester.140 

14-11. (a) Izod fixture, (b) Charpy fixture.141 

14-12. Rotating beam fatigue tester.142 

14-13. Endurance curve.142 

14-14. Sheet-metal fatigue tester.14.I 

14-15. (a) Cross section of shrinkage area, (b) Radiograph of same 

section.i 44 

14-16. Path of wave reflected from defect in test piece.i 4 S 

14- 17. Essential parts of a prism spectrograph.14b 

1 5- 1 . Submerged cutoff machine showing vise in loading position. .150 

15-2. Press for mounting specimens in plastics.151 

15-3. Mounted specimens in hand polishing fixture.152 




































LIST OF ILLUSTRATIONS 


xiv 


I i<.rHi 


15-4. 

■ 5 " 5 - 
[ 5-6. 

‘ 5 - 7 - 

I >-8. 

I 5-0. 

r S-io* 
15-rr. 


I ;-T 2. 




I 5-14- 


Kelt grinder. 

Disc grinder using four grades of paper. 

Automatic polishing machine showing specimen holder and lap . 
Two-speed polisher. 


153 

153 

154 

155 


Klectro-polisher and etching machine. 

Prism vertical illumination. 

Plane-glass vertical illumination. 

(a) Direct illumination, (b) Dark-field illumination 
Microscope and camera for photomicrography . . . 


155 

157 

157 

157 

158 


Melalloscojie for research work. 

Camera for low-power photomicrography 


159 

159 











Chapter 1 


THE REFINING OF METALS 


Metals as they come from the earth are usually mixed with other mate¬ 
rials or are chemically combined with other materials to form compounds. 
To be of commercial use, the metal must be separated from all unwanted 
materials. The metal in its natural state is called an ore, and the earthy 
material which comes with the ore is called the gangue. To change an 
ore to a useful product, the following procedure is usually required: 

(1) Extraction of the desired metal from other ore materials. 

(2) Refinement of the metal to eliminate impurities. 

(3) Addition of alloying elements. 


Iron. Iron is separated from its ore by the use of a blast furnace 
(Fig. i-i). The process is called s^nelting. A blast furnace is a round, 
brick-lined, steel shell ranging up to 100 feet high and 27 feet in hearth 
diameter. The usual output is about 700 tons of pig iron per day, 
although some furnaces can produce as much as 1200 tons daily. The 
charge, which consists of coke, flux (limestone), and ore, is carried to the 
top of the furnace in skip-cars and dumped into the furnace through two 

hoppers. Two hoppers and their bells are used to prevent gases from 
escaping into the air. 

The coke has two functions: to supply the heat for melting the ore and 
to supply carbon for reducing^ the ore. The main purposes of the lime¬ 
stone are to lower the melting temperatures of the earthy materials and 
to remove some of the sulphur. 

The ores of iron consist of oxides and sulphides of iron, but the greater 

part of iron is produced from the oxides of iron, FeaOs and Fe304. FeiOs 

is ordinary rust or red iron. The percentage of iron in these oxides can 

be figured by using their atomic weights. The atomic weight of iron is 

55.84 and that of oxygen is 16; therefore, the percentage of iron in Fe^Oz 
is given by 


2 X 55.84 

2 X 55.84 -h 3 X 16 



100 = 70% 


^ Chemical terms are explained in Appendix A. 
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The percentage of iron in Fe304 is about 72%. Actually, these percent¬ 
ages are reduced by the gangue to from 50% to 55%. Iron is obtained 
from the oxide by reduction; coke is used as the reducing agent. 

Adjacent to the blast furnace are three or four stoves whose function 
is to preheat the air to be used in the furnace. These stoves are cylinders 
about 100 feet in height and 22 feet in diameter, which are tilled with a 
checker-work of fire bricks. This arrangement permits an easy passage 
for the hot blast-furnace exhaust gases and also presents a large heating 
surface. When operating, the hot exhaust gases are washed, and then 
they are passed through all but one of the stoves to heat the bricks. 
When a stove is sufficiently hot, air is forced through it, thus preheating 
it to about 1400 F before it is delivered to the blast furnace through the 
tuveres. 

In the operation of the blast furnace, the charge is put in through the 
hoppers in alternate layers of flux, coke, and ore. The approximate 
proportions of the material entering the furnace are 1000 lb of coke, 
2000 lb of ore, 500 lb of flux, and 4000 lb of preheated air. In propor¬ 
tion to the above input, the output would be about 1000 lb of iron, 500 
lb of slag, and 6000 lb of waste gases. Slag is the waste product taken 
off in a liquid state. At the top of the furnace, where the temperature is 
about 600 F, the FeoOs is reduced by the hot CO to FeO and CO-.. As the 
FeO drops down the furnace to a temperature zone of 1300 F to 1500 F, 
the FeO is reduced to Fe by carbon. A spongy mass of iron results, 
which drops to a temperature zone of 1500 F to 2500 F, where it absorbs 
heat and all the carbon it can hold, that is, a maximum amount of about 
3 - 5 % fo 4%. The absorbed carbon lowers the melting temperature of 
the iron so that it melts and runs to the bottom of the furnace, where its 
temperature reaches 2500 F. The slag also melts at about 2500 F and 
then floats on the molten iron. 

The slag is drawn off at frequent intervals and hauled away to the 
slag banks in large pots mounted on railway trucks. At one time, slag 
was a waste product, but now it is used in the manufacture of cement 
and in place of crushed stone in road building. It is also made into min¬ 
eral-wool insulation material by blowing a jet of high-pressure steam into 
a stream of molten slag. 

The iron is tapped from the furnace four or five times every 24 hours 
and is cast into small bars called pigs, hence the name pig iron. In large 
plants, the iron is drawn off into special hot-metal cars and hauled to 
large refractory-lined tanks known as hot-metal mixers, where it is stored 
at a uniform temperature until it is used in the steel-making furnaces. 
The high carbon content of pig iron makes it weak and brittle but gives 
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it good fluidity at a low temperature, making pig iron good for casting 
purposes. 

Steel. The properties and the name of iron change with the per¬ 
centage of carbon content. Up to 0.2% carbon content, the iron may be 
called low-carbon steel or wrought iron, depending upon the manufactur¬ 
ing method; between 0.1% and 1.5% carbon, it is called steel; and in the 
vicinity of 3.5% carbon, it is known as cast iron. 

Since pig iron contains about 4% carbon, it is clear that carbon must 
be removed in order to obtain steel. The undesirable elements must be 
oxidized and then removed as a gas or as molten slag. Only a small 
percentage of iron is lost by oxidation when modern equipment is used. 

Bessemer process. The Bessemer Converter (Fig. 1-2) is a refrac¬ 
tory-lined, pear-shaped steel shell. It is 10 feet or more in height, open 
at the top and mounted on trunnions so that it may be tilted for loading 
or pouring. 

After 15 to 25 tons of molten pig iron have been loaded into the 
converter, air is forced up through the metal. Each ton of pig iron con¬ 
tains about 75 pounds of carbon, 55 pounds of silicon, one pound of sul¬ 
phur, and 15 pounds of manganese. These impurities are oxidized by 
the oxygen of the air. A large amount of heat energy is thus liberated, 
and the temperature of the metal rises from about 2200 F to 3500 F 

After about 20 minutes, the bright flames of the burning impurities 
die down and the blow is finished. The correct amounts of carbon and 
manganese are then added to get the desired type of steel, which is cast 
into uniform shapes about 2 feet square and 6 feet high called mgots. 
The ingots can then be formed into the desired shapes by rolling, forging, 
or other processes. 

Bessemer steel is used for the cheaper grades of sheet steel, wire, butt- 
welled pipes, and free-machining screw stock. In spite of the high rate 
of production possible \vith the Bessemer process, only about 11% of the 
steel made in the United States is made in this way: the process is so fast 
that control is poor. 

Open-hearth process. In the open-hearth process, from 5 to 250 
tons of steel are contained in a saucer-like vessel over which preheated 
gases are burned. The fuel is a gas rich in unburned carbon; it is made 
in special, separate stoves. In Fig. 1-3, air and unbumed gas enter on 
the right, through separate networks of preheated bricks, to mix and 
burn over the charge. The charge for a basic furnace consists of pig 
iron, possibly scrap steel, iron oxide, and lime. The limestone is charged 
first in order to build up a protective slag, then the scrap steel is charged. 

After the scrap steel has melted, pig iron, usually molten, is added. 
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When solid pig iron is used, it is added as soon as the scrap steel has 
melted sufficiently to provide space. If alloy steels are wanted, the 
alloying material is added after some of the refining has taken place. 

In the open-hearth furnace, little excess oxygen is left from the air 
after the gas has been burned. Therefore, some other means of oxidizing 
the carbon must be used. The iron oxide is mixed with the charge to 
provide the necessary oxygen to oxidize the carbon, silicon, manganese, 
and phosphorous. Since most fuels contain sulphur, and arc therefore 
constantly replacing w'hatever sulphur may have been oxidized, this 
impurity is very hard to remove. 

The hot gases are exhausted through the brick networks on the left, 



1-3. Open-hearth furnace for making sice!. 


thereby heating the bricks. When these bricks are hot, a matter of 15 
to 20 minutes, the gas flow is reversed to procide continuously hot bricks 
for preheating puq)oscs. 

The open-hearth process, lasting S to 12 hours, is much slower than the 
Bessemer j^rocess, l)ut tht' product is more refined. This is because there 
is time to analyze samples frecpiently, thus providing a close control, 
and also because scientific instruments mav be used to closely control 

• w 

the temi)eralures, the furnace atmosphere, and other conditions. The 
|)roduct of the open-hearth furnace to c)0^'[> of steel made in the 

United States) is used for steel castings, structural shapes, rods, plates, 
and spring steels. 
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Electric furnaces. Electric furnaces are able to produce highl}' 
refined steel, since they can create high temperatures -wfithout the intro¬ 
duction of air and fuel gas, with their undesirable constituents. The 
most common types of electric furnaces are the electric-arc and the 
induction types. 

The electric-arc furnace (Fig. 1-4) is a steel shell lined with either 
silica brick (acid) or magnesite (basic), depending upon the impurities in 
the steel to be refined. The furnace is charged through the door on the 
side, and is tilted to pour the refined steel from a spout. Heat is obtained 





A 50-ton electric-arc furnace. High-grade tool and alloy steels are made in this 
type of furnace. Courtesy Bethlehem Steel Company. 


^ by passing a heavy electric current through the metal between the three 
carbon electrodes. These electrodes can be raised or lowered in order to 
regulate the amount of current and consequently the temperature. The 
capacities of these furnaces range from i to 100 tons. The charge may 
be either cold metal, or molten metal which needs further refining. 
Since the furnace may be tilted to pour off the top part of the charge, 
one kind of floating slag can be poured off and then another built up. 
Thus, more types of impurities can be removed. 

The induction furnace is essentially a crucible set inside a coil of wire. 
High-frequency electric currents flow through the coil and induce eddy 
currents in the metallic charge. The electrical resistance to these cur¬ 
rents causes heat to be produced deep within the metal. The coils are 
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usually copper tubing which is kept cool by a continuous flow of water 
through the tolling. The product is a closely controlled, high-grade steel, 
and capacities range from one pound to live or more tons. 

Cast iron. Cast iron, which is made from pig iron and scrap iron, is 
refined in a cupola furuace, where the impurities arc removed and the 
correct ingredients are arlded. Ihc iron, coke, flux (limestonel, and 
alloying elements are charged into the cupola furnace (Tig. 1-5) in alter¬ 
nate layers until the level reaches the charging door. As the charge melts, 
the level ‘mes down and more material may be charged. Thus the furnace 



Mg, I 5. l upoid luriuico ior niakir\y cast 


as COj, leaving a more shock- 


can be kept in operation until the 
lining needs repairs. 'I'he coke is the 
fuel which provides the heat for 
melting the iron; the flux lowers the 
melting point of the impurities. As 
molten slag and iron collect at the 
bottom of the furnace, they arc 
drawn off, and the iron is carried in 
ladles to the casting molds. 

Malleable cast iron. Cast iron 
as it comes from the cupola is hard 
and brittle, and for many uses, such 
as for large hammers and railroad 
bumpers, it is desirable to have a 
more shock-resistant material. If 
white cast iron is packed in iron 
oxide and allowed to stand for about 
three days at temperatures of from 
()Oo V to ihoo F, some of the carbon 
will be drawn out of the casting 
L'sistant material. The carbon that 


remains is in the form of free gra]flhte. which helps to make the casting 


less brittle. 


Wrought iron. I'his type oi iron is comparatively pure e.xccpt for 
small amounts of slag, whic h give it a fibrous appearance. A m'crbcra- 
lory furnace is charged with molten iron tlirectly from the blast furnace 
anil then a flux is added. A reverberatory furnace heats the charge 
largely by reflection and radiation from the roof, as in the open-hearth 
furnace. The molten iron, which rests on a layer of iron oxide, is stirreil 
to produce a thorough mixing of the metal and the oxide. Oxygen from 
the iron oxide oxidizes the carboi\ and the sulphur to form gases which 
esca[)e; the silicon and the phosphorous unite with the flux to form slag. 
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In the puddling process the iron is collected on the ends of steel rods, 
removed, and hammered into shape. 

Investigation of the puddling process reveals that there are three 
steps in the formation of wrought iron: 

(1) Melting and removing the impurities from the iron. 

(2) Producing the proper slag and maintaining it in the molten state. 

(3) Granulating the iron and mixing it with the proper amount of slag. 

James Aston discovered that these steps could be done separatel>-, 
thereby permitting much better control over the process. In the Aston- 
process the pig iron is melted in a cupola, then drawn off into ladles where 
the sulphur is removed, and finally refined in a Bessemer converter. 
Concurrently, the proper slag is prepared in an open-hearth furnace and 
is then poured into a ladle. In the third step, the molten iron is poured 
into the slag at a given rate, and because the slag is cooler than the iron, 
the iron immediately solidifies. The hardening frees dissolved gases 
rapidly enough to cause small explosions which shatter the iron into 
small particles. The surplus slag is then poured off, leaving a spongy 
mass of iron intimately mixed with molten slag. This mass is next placed 
in a press, which forces out the surplus slag, welds slag-coated iron parti¬ 
cles together, and leaves a solid bar of 6000 to 8000 pounds called a 
bloom. Wrought iron is claimed to have good corrosion-resistance 
properties because of the slag coating on the iron particles. 

Copper. Since there are a large number of important copper ores and 
a correspondingly large number of methods of extracting copper from its 
ore, the metallurgy involved is very complex. The more important 
ores are native copper, carbonates, oxides, and sulphides. 

Native copper is obtained from its ore by heating finely crushed ore 
in a furnace until the copper melts and flows to the bottom, where it is 
drawn off. To be of commercial use, this copper has to be refined. 

The copper ores containing oxides and carbonates are processed in a 
reverberatory furnace, where unburned gases combine with the oxygen 
and the carbonates. The product must be refined. 

Copper sulfide ores are first crushed, then roasted in the presence of 
oxygen until most of the sulphur has been displaced by oxygen to make a 
copper oxide. The oxide is reduced in a reverberatory furnace to a 
matte^ which still contains some sulphur and iron. The matte is next 
heated in a converter, much like a Bessemer converter, where air is 
forced through the molten material until the sulphur leaves as sulphur 
dioxide and the iron becomes iron oxide. The iron oxide is removed 
when it combines with the silica lining of the converter. The resulting 
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blister copper is about pure, which is sufficiently refined for many 

purposes. However, slight impurities greatly affect the electneal prop¬ 
erties of copper; therefore, further refining is necessary for current- 

carrying coppers. 

Copper is now largely refined by electrolysis. Thin sheets of pure 
copper form the cathodes, and thick sheets of unrefined blister copper are 
the anodes; a solution of copper sulphate is the electrolyte. The pure 
and blister copper sheets are hung alternately in the tank: direct current 
passes between them carrying pure copper from the blister sheet to the 
pure sheet, where it is deposited. The impurities, including gold and 
silver, drop to the bottom of the tank, from which they are salvaged. 
Often there is enough of the precious metals to pay for the whole refining 

process. 

Aluminum. Although there are several ores of aluminum, the only 
one of commercial value is bauxite. Bauxite, a compound of aluminum, 
oxygen, and chemically combined water, is usually found with iron oxide, 
silicon oxide, and titanium oxide as impurities. Of all the metallic 
elements in the earth’s crust, aluminum is the most abundant, constitut¬ 
ing about 8% of the surface layer. 

The production processes of aluminum are the reverse of those of 
most metals. The usual procedure is first to remove the metal from the 
ore and then to purify it, but with aluminum the impurities must be 
removed first, since the oxides of the impurities would be reduced as well 
as the aluminum oxide during the final reduction process. 

In the most commonly used process for refining bauxite, the ore is 
crushed and finally ground to a powder. The powder is mixed with a 
hot solution of sodium hydroxide and pumped into large pressure tanks 
called digesters. In the digesters, the sodium hydroxide dissolves the 
aluminum hydroxide out of the bauxite, producing a solution of sodium 
aluminate: 

/UAOIDa + NaOH = NaAlO, + 2H,0 

The impurities, which remained solitl, are filtered out as the sodium 
aluminate solution is pumped from the digesters. 

The hot sodium-aluminate solution is next pumped into very tall 
precipitating tanks (50 feet and more) where fine cr\'stals of ahmiinum 
hydro.xide settle out as the solution cools, leaxdng sodium hydroxide: 

NaAlO-. -h 2H,0 = AKOin, + NaOH 

The aluminum hydroxide is transferred to other tanks, where it is washed; 
the sodium hydroxide is pum]K-d back into the digesters for reuse. The 
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aluminum hydroxide is heated to a high temperature, which drives olT 
the water and leaves aluminum oxide (AUO3). 

The reduction of AI2O3 is an electrolytic process which is carried on 
in cells built of steel and lined with carbon (Fig. 1-6). The electrodes are 
large blocks of carbon which are hung in the cells. Each cell is able to 
produce about 250 pounds of aluminum per day. 

Cryolite, which can be found naturally only in Greenland, but which 
can be produced chemically, is the electrolyte. In starting the process, 
the cell is nearly filled with cryolite, and the electricity is turned on until 
the cryolite is melted. As soon as the electrolyte is molten, aluminum 
oxide is added and dissolves in the cryolite. The electric current then 



breaks up the AI2O3 into aluminum and oxygen. The oxygen is freed at 
the carbon anodes and the aluminum is deposited in a molten state on 
the bottom of the cell. The molten aluminum is drawn off frequently 
and more aluminum oxide is added. The cryolite remains unchanged 
throughout the process and is used over and over. 

The molten aluminum is drawn off and is poured into molds to form 
bars, which are called pigs. The pigs contain some impurities which may 
be eliminated by remelting and pouring into other molds. 

The use of aluminum has grown tremendously with the great reduction 
in price. It finds its greatest use where lightness, electrical conductivity, 
heat conductivity, or corrosion-resistance is of major importance. 

Magnesium. Magnesium constitutes about 2 % of the earth’s crust. 
Although it is found in many compounds, the main sources are magnesium 
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chloride, which is a by-product of the refining of salt from the brine wells 
in Mi( higan, and magnesite. 

'The base material for electrolysis is magnesium chloride, which is 
obtained from the brine in a vcr\’ pure condition, or l^y chlorinating the 
magnesite. T'hc electrolytic method consists of the electrolysis of 
molten magnesium chloride either by itself or mixed with other molten 
chlorides to lower the melting ]>oint. I here are other less used methods 
for processing the more uncommon ores. 

Dkfinhions and Si mmarv 

T'he usual procedure in obtaining a useful metal from an ore is; 

(1) Kxtraction of the desired metal from other materials. 

(2) Uelinement of the metal. 

(.0 Addition of alloying elements. 

(There arc exce[)tions to the above order, such as in the case of aluminum, 
where steps i and 2 are reversed. 1 

Ore is metal in its natural slate, and it is usually thought ()f as metal • 
of commercial value. 

Gangue is the earthy material which is minetl with the ore. 

Smelting is melting an ore to isolate and reline it. 

Flux is a material used to promote the fusion of other materials. 

Reduction is decreasing of the oxygen content of a compound. 

Oxidation is increasing the oxygen content of a compouiul. 

Slag is the refuse matter which is separated from metals during the 
smelting process. 

Pigs are bars of metal cast directly from the smelting furnace. 

Pig iron is iron in the form ()f i)igs. 

Steel is a variety of iron containing from about o.i^'o to i.o* ^ carbon. 

Cast iron is a variety of iron containing about .v 5 * e carbon; it is not 
appreciably malleable at any temperature. 

Ingots are bars of metal which have been cast into ingot molds. 

Acid steel is steel melted in a furnace having an aciil lining and a 
siliceous slag. 

Basic steel is steel melted in a furnace having a basic lining and a 
ba>ic slag. 

.\n acid is an oxide of a non-metal. 

A base is an oxide of a metal. 

Gray cast iron is cast iron containing free carbon. 

White cast iron is cast iron containiirg no free carbon. 
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Reverberatory means heating by reflected heat or by radiation from 
the roof of the furnace. 

Coke is the solid left after the volatile gases have been driven from a 
caking coal. It consists mainly of carbon. 

A bloom is a large bar of steel formed directly from an ingot by ham¬ 
mering or rolling. 

Electrolysis is the chemical decomposition of a compound by the 
action of an electric current. 


Problems 

1. Discuss fully why so much steel is made by the open-hearth process 
in the United States. 

2. What parts do oxygen and carbon play in the blast furnace? In the 
open-hearth furnace? In the Bessemer converter? 

3. Why is iron oxide mixed with the molten metal in the open-hearth 
furnace? 

4. Design a chart showing the steps in the manufacturing of steel by the 
open-hearth method. Start with ore and other raw materials. 

5. Compare the qualities of the steel made by the open-hearth, Bessemer 
converter, and electric furnace methods. 

6. Describe the methods of refining copper. 

7. Why must aluminum companies be located near great sources of 
electrical energy? 

8. How do the electrolytic processes for aluminum and copper differ? 

9. List some common uses of copper, magnesium, aluminum, open- 
hearth steel, electric steel, and Bessemer steel. 

10. Compare the puddling and Aston processes of making wrought iron. 

11. Describe the process of making malleable cast iron. Why is it more 
useful than cast iron in certain cases? 

12. Why did magnesium become so important a metal during World 
War II? 



Chapter 2 

MECHANICAL PROPERTIES OF MATERIALS 



A\ F.NGINEKR, in order to describe a material or what happens to a mate¬ 
rial during a given process, must use well-defined words which indicate 
clearly the properties of one material as distinguished from all others. 
This chapter will define the more important terms as used in metallurgy. 

Metallurgy. Metallurgy may be defined as the science which deals 
with the preparation of metals from raw materials and the adaptation of 
these metals to special purijoses. Fundamentally, it is a specialized 

application of the sciences of physics 
and chemistIy^ 

Stress. Stress may be defined as 
the internal resistance to the deform¬ 
ing ctTects of an external force. The 
resistance is caused by the attractive 
... « , ■ , forces between the molecules of the 

v\K- 2-t. Kclationshu) hfluccn unil ^ 

stress and total stress. material; these forces attempt to keep 

the positions of the molecules un¬ 
changed. 'I'here are three general types of stress: 

(1) Taisio,,. When a member (rod, bolt, etr.! resists a pull on each 
end. 

(2) ( omprcssion. When a member, such as a column, resists a push 
on each end. 

(3) Shear. When two jrarallel forces in nearly the s;tme plane of 

action act toward each other upon a member. This type is best illus- 
trated by a pair of scissors. 

Stress or unit stress. The internal resisting force of a material per 
unit of area. Iigure 2-1 shows the cross sections of two one-inch 
Sfiuares. On each square there is a force of 100 pounds. The stress is 
.00 pounds per square inch (100 psi), and the total sta-ss is 200 pounds. 
Ihis relationship may be expressed as an equation: 


P = SA 

H 
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where P — total stress 

S = stress (sometimes unit stress) 

A = area 

By stating the stress rather than the total stress when describing a 
metal, it becomes much easier to make comparisons. 


Example: What would be the stress in a two-inch diameter rod supportinj^ 
45,000 pounds? 

Solution: 




45,000 lb. 




14,000 psi 


Strength. The maximum stress which a material may withstand. 
Statement of the strength of a material should specify the type of stress, 
Ijecause the values of tensile, compressive, and shear stresses may differ 
widely. 

Stiffness. The property of a material which enables it to resist a 
change in shape, as for example, the bending of 
a beam. 

Elasticity. The ability of a material to regain 
its original shape after having been distorted. 

Plasticity. The opposite of elasticity: that is, 
the inability of a material to regain its original 
shape after having been distorted. 

Strain. When a force of any kind is applied 
to a material it changes shape. The total defer- ^'>8-2-2. Shear relation- 

mation is called the total strain; the deformation 

per unit of length is called the strain. If a material is under a tensile 
stress the strain is called elongation. 



Example: A two-inch test specimen has been deformed until it is 2.16 
inches long. What is the total elongation? The unit elongation? 

Solution: 

Total elongation = 2.16 in. — 2.00 in. = 0.16 in. 

TT . 1 . 0.16 in. 

Unit elongation =-:- = 0.08 in./in. 

2 in. ' 


Shear stresses cause a shear strain, which is measured differently from 
a strain caused by tensile or compressive stresses. Figure 2-2 shows two 
equal and opposite forces, P, with a distance, L, between their lines of 
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action. The block has l)een deformed to the shape shown by the dotte<l 
lines. 

d'he total shear strain is d and the unit shear strain is d/L. In the 
liffure, d/L — tan 6 . Since 6 is ver^- small, the tan $ is numerically 
approximately equal to 6 in radians. The shear strain may then be 
expressed as the angle in radians. The angle of twist in a shaft under a 
torsional load is the shear strain. 


Example: If L = lo in. and 0 = o.r deg in Figure 2-2, what would the 
unit strain be? 

Solution: 

0 = d/L 

4 

lotal strain = </ = 61 . = 0.00175 ^ i'^- “ 0.017^ in. 


The stress-strain diagram. When materials are subjected to increas¬ 
ing st resses until rupture occurs, and the strain is noted at several stresses. 






Strrss-straia dia^niins. 


the resulting <lata nuiy he plotted to show typieal stress-strain diagrams 
as in I'lg. 2-,p Ihe hrst jiart of the curves are straight lines, showing 
that the stress is proportional to the strain. The upper limit of the 
straight line is called the prop,>rlional limit. The cuiwe between the 
origin and the proportional limit follows Hooke's Law, which states that 
hclou' the proportiomil limit, the .■ttrc.ss imrics ,7,v Ihe strain. 

Elastic limit. The point l)e\-ond which a further strain will cause a 

permanent deformation. Up to the elastic limit the material is elastic 
luul beyond that point it is plastic. 
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Yield strength. The stress at which, in soft steel, there is an increase 
in strain with no increase in load. (Fig. 2-3b.) In cast metals and 
the harder steels, the yield strength is the stress which corresponds to 
a specified permanent strain, such as M in Fig. 2-3a. where OM is the 
specified permanent strain. 

Ultimate strength, or strength. The greatest stress that a material 
may undergo without rupture. Beyond this point the material may 
elongate with a corresponding decrease in cross-section area, thus causing 
a reduction in the load which may be applied. If the elongation con¬ 
tinues, the material will rupture at the breaking point. The part of the 
curve between the ultimate stress and the breaking point can be obtained 
only when the strain is controlled. In Fig. 2-3a, the ultimate strength 

and the breaking strength are the same. 

Modulus of elasticity, or Young’s modulus. The slope of the curve 
between the proportional limit and the origin. It is equal to the stress 
divided by the strain: 

^ _ stress _ 5 
strain 6 


The values of the modulus of elasticity for most materials are given in 
many handbooks. This modulus is a measure of stiffness: the higher the 
values the stiffer the material. 

Modulus of rigidity, or shear modulus. {Es’) The value of the slope 
when the shear stress is plotted against the shear strain. Its value differs 
from that of the modulus of elasticity. 


Example: \i E = 30,000,000 psi for steel, and if a piece of steel whose 
cross-section area is 3 sq in. and whose length is 10 in. is loaded with 90,000 lb, 
what is the total elongation? 

Solution: 




90,000 lb 
3 in.^ 


30,000 psi 


30,000 psi . 

5 = — - -; = 0.001 in./in. 

30,000,000 psi 

Total strain = 0.001 in./in. X 10 in. — o.oi in. 


Hardness. The ability of a material to resist abrasion or indenta¬ 
tion. The most common methods of measuring hardness depend upon 
indentation. The Brinell hardmss number is the ratio of the area of the 
indentation caused by a 10 mm dia ball to the load in kilograms resting 
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on the ball. I hc Rorhcrll hardness number is dependent upon the depth 
of an impression made hy a standard point under a standard load. 

Machinability. The readiness with which a material may be cut 
with a tool. 1 his property has no definite scale of measurement except 
that of experimental comparison. 

Malleability, rhe property which determines the ease with which a 
material may be rolled or hammered into a new shape without rupture. 
1 his may be partially indicated by the ultimate strength under impact. 

Toughness. Ihc ability of a material to be forced into new shapes 
under great stress without rupture. It may be indicated by measuring 
the work per unit of volume necessaiy to cause rupture. 

Ductility. The ability of a material to be drawn out without rupture. 
Ductility can be measured by bending or by the percent elongation. 


Percent elongation = total straji ^t rupture 

original length ^ ^ 

1 he cross-section area of a ductile material may have a large reduction 

at the point of rupture. The percent reduction of area is also an indication 
of the ductility of a material. 


Percent reduction of area = are a - area at ru pture) 

original area 


X loo 


huiwplc: A >-in. test specimen having a diameter of 0.50^ in. was rup- 
ured m a testing machine. The length after rupture was j.j in. and the 

diameter at the point ol ru|)ture was 0.35 in. Find the percent elongation 
and the percent reduction of area. 

Solution: 

Percent elongation = ‘ X loo = 15% 


Percenl refluction in area = 


(0.505)-’^ - 

4 ^ ' 4 


TT 




to.505)2 - 
4 


Creep At high teinperattires metals tend to flow or creep vert- 
Slowlt- when under .stresses which would cause a constant strain at room 
empcia ures. It might take months or years to produce a damaging 
1 c o ma ton. I hts propcrt>- must he considered when designing high- 
ttmtpcrauire equipment sttch as ^•alvos. steam turbines, and jet engines. 
1 he designer should know the deformations produced by given stLses 
and th(. allowable creep: in other wordj;. the creep limit. 
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Fatigue. Failure of a material due to fatigue is caused by applying a 
sufficient number of cycles of stress when the stress is larger than the 
fatigue or endiiranee limit. The endurance limit is the limiting stress 
below which a metal will withstand an indefinitely large number of cycles 
of stress. 

Temperature stresses. When many metals are heated they tend to 
expand, but if the length is fixed, a stress wiW be set up equal to that 
necessary to compress the material a distance equivalent to that which 
it would have expanded. The stress can be expressed by the following 

relationship: 

5 = ctE 

where S = stress (psi) 

c - coefficient of linear expansion 
t = temperature change (°F) 

E = modulus of elasticity 

Example: Find the unit stress in a 30-ft. steel rail if the temperature 
change is 100 F and the ends are fixed. E = 30,000,000 psi; c = 0.000007. 

Solution: 

S = 0.000007 X 100 X 30,000,000 = 21,000 psi 

Crystallization. Some substances in changing from a liquid to a 
solid state solidify in discontinuous masses having a definite shape and 
color; these masses are called crystals. Molecules must be free to arrange 
themselves in definite patterns in order to form crystals, such as when 
they are in a liquid or a soUd solution, or in the molten state. Imperfect 
crystals or grains are formed when the metal is in a plastic state, since 
the molecules do not have complete freedom of movement in arranging 

themselves. 

StINOlARY 

Metallurgy is the science which deals with the preparation of metals 

and their adaptation to special uses. 

Stress is the internal resistance to the deforming effect of an external 
force. The three fundamental types are tension, compression, and shear. 
Strength or ultimate strength is the maximum stress a maternal may 

withstand. 

Unit stress or stress is the stress per unit of area. 

Stiffness enables a material to resist a change in .,hape. 

Elasticity is the ability of a material to regain its shape after the 

release of a deforming force. 

Plasticity is the opposite of elasticity. 

Strain is the deformation of a material under load. 

4 
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Unit strain or strain is the strain per unit of lenjjth. 

The stress-strain diagram is a plot of stress vs. strain. 

Yield strength is the stress which corresponds to a specified jx‘rnianent 
st rain. 

Proportional limit is the stress beyond which Hooke’s Law does not 
ajiply. 

Elastic limit is the stress beyond which further strain will cause a 
permanent deformation. 

Modulus of elasticity is the stress diNnded hy the strain. 

Hardness is the ability of a material to withstand abrasion or indenta¬ 
tion. 

Machineability is the readiness with which a material mav be cut by a 
tool. 

Malleability is the ease with which a material mav be rolled or ham- 
mered into a new shape. 

Toughness is the abilit)' of a metal to lie forced into new shapes under 
great stress. 

Ductility is the ability of a metal to be drawn out. 

Creep is the slow flow of stressed metals at normal or elevated 
temperatures. 

Fatigue is the failure of metals because of repeated stress cycles. 


PkOlll.K MS 

1. A steel rod \ in. in diameter is subjected to a tensile stress of ^0,000 
psi. What is the pull on the rod? 

2. I he tensile load on a bar is 50,000 lb. W hat is the stress in the bar 
if the cross-section area is 5 sq in.? 

3. 1 he diameter of a standanl tensile test sj>ecimen is 0.505 in. If the 
testing machine indicates a \ni\\ of 6,000 lb. what is the stress? 

4. What load can be supported by a short steel block. 6 in. by 6 in., if 
the safe compressive stress is 10.000 j>si? 

5- I lie ultimate stress of a certain steel is 100,000 psi. At what load 
would a 2-in.-dia rod fail? 

6. A metal shears is cutting a slieet of copper s i>t. thick aitd 4 ft wide. 
What force is on the blade if the blade cuts the full width at once and the 
ultimate shear stress of copper i> jo.ooo })si? 

7. A punch press is punching a 4-in.-dia Imle from a piece of brass \ in. 

Ihuk. If Ihe ullinialo .lu-ar Miv.s of is _-.,ooo psi, xvliat force is the 

press e.xertmg." Tse the urcumferential area.'l 

8. A slaiular.l lest specinu i, has a ,ea.,;e len-tl, of > in. After rupture 
the length is >.30 m. Wiiat is the unit elongation? 

9. In Problem 8, what is the peiaent elongatum? 

10 If llie strain fora 2-in. specimen is .005. what is the total length when 
loaded? 
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11. The strain for an 8-in. specimen is 0.006 in. per in. What is the 
loaded length? 

12. What is the modulus of elasticity of a material that has a strain of 
0.002 in. per in. when the stress is 60,000 psi? 

13. A material with a modulus of elasticity of 20.000,000 psi is loaderl 
until the strain is 0.001 in. per in. What is the stress in the material? 

14. What is the loaded length of a lo-ft rod if the stress is 5000 psi and 
the modulus of elasticity is 16,000,000 psi? 

15. Discuss the practical uses of the stress-strain diagram. 

16. What would be the outstanding properties of a metal to be used for 
each of the following purposes? 

a. Engine crankshaft 

b. Turbine shaft 

c. Transmission gears 

d. Piano wire 

e. Razor blade 

f. Punches and dies 

17. If the original diameter of a test specimen is 0.505 in. and the diameter 
after rupture is 0,35 in., what is the percent reduction in area? 

18. In Fig. 2-2, if rf = .01 in., and L = 2 in., what is the shear strain 
and what is the angle 6 in radians? 



Chapter 3 

THE FABRICATION OF METALS 


NuMKRofs MKTHODs cxist of forming metals into the final, useful shape; 
each method has its special applications and its effects upon the prop¬ 
erties of the metal. This chapter deals with many of the fabricating 
methods; powder metallurgy and welding will be discussed in separate 
chapters. 

Casting. Casting is the solidification of materials in molds. It 

involves pattern design, the making of patterns, the making of molds, 

and the pouring of the metal. The production of good castings depends 

upon co-operation between the designer and the foundiyman, since 

many of the controlling variables involve both. Some of these variables 
a re: 


(1) 1 he great proportion of handwork in some types of casting. 

(2) I he need for strict control of alloy composition and pouring 
temperatu res. 

(3) Ihe type of foundiy* equipment available. 

(4) The molding material available. 

Ihe total cost of the casting should be the criterion for choosing the 
method rather than the cost of any one particular operation, for an 

increase in the cost of one operation may be more than offset by a resulting 
decrease in the cost of another. 

Pattern design. Tatterns are approximate models of the desired 
casting. 'I'hey are made of any easily shaped material. The usual 
material is wood, but if production figures warrant, several metal pat¬ 
terns may be cast from one wooden pattern. 

Molds are separale.l as shown in Fi-. The bottom part is the 

dra.i;, the top part the <<>/),•; together they form the /hsi-. The cope and 

the drag are made separately an.l then placed together, lined up by the 

l)ins an<l ears. Consequently, for easy mold-making the parting line 

shovdd Ix' a plane surface; the part shouhl therefore be designed to make 
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such a surface possible, as is illustrated in Fig. 3-2. Many times it may 
pay to redesign a part in order to cut production costs. 

Locating points, which are points for locating the pattern in the mold, 
should all be on one side of the parting line and as far apart as possible. 


CORE 

PRINT 


PARTING 

LINE 




PIN 


: > •. V ; .•. 1 • ear 


Fig. 3-1. Sand mold. 



Wrong Right 

I'ig. 3-2. Wrong and right parting line. 


They should also be placed at points of close tolerance. Core prints 
should be large enough to hold the cores in place when the metal is being 
poured and should be extra large if there is an overhang on the core. 
Cores are mold parts for shaping the interior of a casting; core prints are 
cavities in the cope or drag which hold the core in place. 

Several allowances can be made when 
the patterns are formed which will offset 
predictable changes in the metal as it 
cools. Since most metals shrink as they 
cool, the pattern should be made large 3 - 3 - 

enough to offset the shrinkage of a par¬ 
ticular metal. This shrinkage factor also complicates the design of 
the part, since most mold materials do not shrink. For instance, if 
there are two projections on one side of a piece (Fig. 3-3), the metal 
in between the projections cannot contract because of the mold. 
Therefore it will have a residual stress when cold, thus weakening the 
part. Predictable distortion can also be compensated for, with some 
such device as a U-section which opens on cooling. The vertical sides of 
a pattern should be tapered slightly for easy removal from the mold. 
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This is called draft. Usually castings need cleaning, and if they arc to 
lit other parts they need machining. Therefore, the pattern should be 
made large enough to allow the removal of some metal. 

Casting design. Castings should he flesigned to pro%ade the following: 

fi) All parts can be molded and poured easily. 

(2) The mold can be fed from one riser or gate located at the highest 
point. If there are points higher than any riser, air pockets may be 
formed. 

(t,) Solidification can start at the bottom and rise regularly to the 
feeding gate. 


It is desirable to use metals of a low melting point so that solidification 
will he slow. When high-melting-point metals are used, the cooling is 
fast, because of the great dilTerence in temperature. I'hin sections are 
hard to cast with a fast-cooling metal since some parts mav solidify before 
others. Con.sequently. large residual stresses are set up which produce a 
tendency to crack. 

Since a volumetric shrinkage occurs, large risers should he proxaded 
as a reservoir of molten metal. I he strength just below the freezing 
point of the metal is low; theretore cracks may occur due to the resistance 
to contraction of the mold. 'This trouble can be avoided by good castin" 

I • .O'*- 

design. 

Casting defects. Many casting <lefecls may i>e eliminated by careful 
design, but those which cannot l)e thus eliminated must be allowed for. 

Such weaknesses are blowholes, slag inclusions, center-line weaknesses, 
hot tears, and shrinkage cavities. 

Blowhoh'S are caused by gas bubbles which cannot escape. Proper 

design ol the casting to make sure all gas 
can escape through a riser, and the use of 
the proper sand in sand molds to allow 
gas to pass into the mold, will help to 
Hk- s .1 (Vi.I n- ii.„ ^‘liiniuate l>lc,wholes. Slag imlusious can 

best be eliminated by pouring slag-free 
metal. Somelime> .slag can be skimnuHi olT in the ladle. 

I'lKiirt- ,^4 shi.ws till' -rain l.n inalion in the errrs.'i section of a thin-cast 
l>icce. I'he -rains start lonnin- on the surfaces ami grow toward the 
center wlwre they nuet end to end. Since the attraction between the 
ends IS small, a weak e. nt. r line is formed. The best wav to eliminate 
Ihis lault IS not to have thin sections wlu-re streti-th is required 

//,-/ are caused by the solidilication of one part of the casting 
lelore other parts, and by a design which does not allow contraction dur- 
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ing cooling. They may be eliminated by using certain precautions such 
as: 

(1) Uniform thickness or gradual changes in sections. 

(2) Curved connecting members, such as curved spokes in a wheel. 
A curved member can bend, whereas a straight member must be com¬ 
pressed to be contracted, thus requiring a greater force. 

(3) Fillets in corners where hot spots might occur. Figure 3-5 shows 
the grain formation in a sharp comer and a fillet corner. The reason 
for the ease of cracking in the sharp corner is that a weak line exists 
where the ends of the grains meet. 

Shrinkage cavities are caused by a lack of metal. Many times these 
may be eliminated by having a sufficient supply in a riser, but there are 



I^ig- 3-5* How the fillet strengthens corner. 


times when they cannot be eliminated. At such times they must be taken 
into account in the design of the casting. 

Sometimes weaknesses can be prevented by directional solidification. 
This can be accomplished by tapering in the right direction or by using 
chills. Chills are pieces of metal placed in the mold where cooling is to 
be accelerated. The metal can absorb more heat in a given time than 
the mold material. 

Sand molds. The sand used in molds must have certain qualities in 
order to produce good castings: 


(1) The sand must be refractory; that is, it must withstand high 
temperatures. 

(2) It must be able to hold its shape under pouring conditions. 

(3) It must allow heat to escape. 

(4) It must be porous to allow the passage of gases. 


The best sand is a spherical-grained quartz sand with a small amount 
of clay mixed in as a binder. The sand is rammed in the flask about the 
pattern by hand or by a molding machine which shakes the sand into 
place. The pattern must be removed very carefully in order to prevent 
damage to the mold. Cores are also made of sand, but they are usually 
baked to give them strength. 
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Plaster of Paris molds. I'licsc molds arc made of plaster of Paris, 
fiber, an accelerator, and an excess of water. The excess of water causes 
small holes throuj^h the mold so that "ases may escajje. Plaster of Paris 

molds can be used up to 
temj)eratures of 2100 F. 
I'hey have some advantages 
over sand molds when used 
within their temj>erature 
range: 

(1) Smoother finish, 
which eliminates some 
machining. 

(2) Closer dimensional 
toleram es. 

CO Finer detail and thin¬ 
ner sections, because of low 
heat conductivity. 

(4) Cireater solidity, be¬ 
cause of slow cooling. 

Plaster of Paris molds 
are used when few parts arc 
re(juireil and when results 
etiuivalont to those of the 
highei-]>riced metal mold are desiretl. 1 hey are best used with brass or 
bronzi' plumbing, automotive hardware, and gears. 

Fusible material castings. I his is a \'ery old jirocess whicit has 
late!) be(,‘n UM‘d a gri'at deal when complicated aiul (.lose-tolerance 
(asfings aie te(|uired It was originally known as the lost ■jcc/.r process. 

1 he modern metluul vises low melt ing-point metals rather than wax. 
si n< t the mi‘1 a Is a 1 e nuu h st ronger. 1 lu' s| I'ps i n t hi' process arc: 

( I) Make an external ]>lasti'r mold ot the original. 

(2) Close the mold and till it with wax or metal. 

{^) Pour out the liquid renter after the surface has solidified. A thin 
''lu ll is lett whoM- thii kne^■^ tlepeiuU upon the cooling time. 

i-l' Put gate> on the wax or nutal. 

I ai k tile mold maleiial around atul lu tlie new pattern. 

'O) Haki until the mold is liard. then raise the oven temperature to 
melt out the pattern. I'he mold is now ready for use. 

Ihc ic.M \va.\ niiHuul is ..ilcii \arii-.l for spooial apiilications. To 



l-ij;. .Making a saml mold. Conrlc'-v Aliiini 

mini Ci‘iiif><niy of .1 nuruo 
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make complicated solid cores with curved holes, a model of the hole is 
made of some low-melting-point metal The sand is packed around and 
in the model. Then the model is baked at a temperature below its melt¬ 
ing point. As soon as the sand is fully baked, the temperature is raised 
and the metal melts and flows out, leaving a curved hole. 

Permanent mold castings. Permanent molds are used where pro¬ 
duction is high and rotary conveyors can be employed. The metals 
which are cast in this type of mold are, in order of importance, aluminum 
alloys, copper alloys, iron, and zinc. The molds are made of various 
metals, depending upon the casting metal. Bronze molds are used with 
low-melting-point alloys, whereas iron and steel molds are required for 
other non-ferrous metals. If iron is to be molded in a permanent mold, 
the mold must be lined with refractory material in order to prevent cor¬ 
rosion. The life of any of these molds depends upon the amount of 
corrosion and the finish required on the product. 

An interesting type of permanent mold casting used for making such 
articles as toys and candle-sticks, where uniform thickness is not required, 
is the slush casting. The molten metal, usually zinc, is poured into the 
mold and allowed to harden until a sufficient thickness of solid shell is 
formed. The remaining liquid in the center is then poured out. A 
hollow casting is left. 

A summary of the permanent molding process brings out the following 
points: 

Advantages 

(1) Dense, fine-grained product, free of holes. 

(2) Low tool charges and good finish. 

(3) Lower mold cost than for other metal-mold processes. 

(4) Closer tolerances than with sand mold. 

Disadvantages 

(1) Tolerances and thin sections not as good as with plaster of Paris 
and external-pressure molds. 

(2) The zinc in high-zinc brasses makes zinc oxide on the mold, which 
spoils the finish on the casting. 

(3) The production rate is lower than with die casting. 

Semi-permanent mold castings. The general process is the same as 
for permanent mold castings except that sand cores are used. The use of 
sand cores reduces the production rate and gives poor dimensions about 
the core. This process is used for casting aluminum cylinder pistons and 
carburetors. 
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Die-casting. In dic-casting, the metal is forced into a permanent, 
nia( hitu‘-()[)crated mold under pressures up to 5000 psi. The melting 
chamber is part of the machine. The die or mold is made in two parts; 
one is stationary, and the other is moved automatically by the machine. 




<Iic closi'il ami to ii-ccivo I'roni thf |ml the 

Coiirl, Tl/r .\> U- Ji rs, y /ht< Conipiiny. 


a. IkTi- an- two sct tioii< oj' a 
shot ” of tmtal Iti form a castin 



'll .lu mil: -Iiow > UK t.it il 
• t 'll linn ti| 111, .Hr 


"wmil: iMto tliL- cavity, which in llicsc ilrawing 
i.'':irli\y ///< ^ t «■ J t rxy /. ith Com piiiiv. 
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therefore, the piston is in contact with the metal only a short time. In 
this type of casting, pressures up to 20,000 psi are used, making more 
delicate shapes possible. The production time is longer than for straight 
die-casting, hut the longer time is offset by a decrease in repair time. 



Fig. 3-7C. The cavity of the die is now completely filed. Note the metal in the over¬ 
flow well at the bottom of the cavity which provides an outlet for the air entrapped in 
the die cavity. Courtesy Thr iYrtc Jersey Ziue Company. 



Fig. 3-7d. The die is opened to permit ejection of the casting, 
operated by a rack and pinion which free the casting from the die. 
Jersey Zinc Company. 


Note the two pins 
Courtesy The Xeu' 


Centrifugal casting. In this process the molds are rotated at high 
speeds during the period of solidification. Consequently, the metal is 
under the pressure of centrifugal force while cooling. The molds may be 
lined with sand or they may be permanent in form; often sand cores are 
used. The molds are rotated either horizontally or vertically at speeds 
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Die-casting. In dic-casting, the metal is forced into a permanent, 
machine-operated mold under pressures up to 5000 psi. The melting 
chamber is part of the machine. The die or mold is made in two parts; 
one is stationary, and the other is moved automatically by the machine. 


irc two sections of a (lie closed and locked to receive from the pot the 
netal to form a casting. Ctnirlcsy Thf Jersey Zinc Company. 


I drawing shows indal llowmg into tlie cavity 
;te cover .section ol tlie die. Coiirlesv The Xe\o Jt 
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from loo to 1200 rpm, depending upon the size and shape of the casting. 
The inside surface is a surface of revolution, whereas the outside surface 



CENTER LINE 
WEAKNESS 


tiK- I'ouriny completed, a horizontal machine spins a 3,vinch tube at 700 revolutions 

per minute. Courtrsy Pellihotic MiiUikcn Corporafion. 

may have flanges, lugs, or various shapes and projections. The limita¬ 
tion to the design is that it must be dynamically balanced. Some work 

has recently been done on rota¬ 
tion in two directions to get 
special shapes. The advantages 
of the process can be listed as: 

fi) Cleaner, denser, and 
stronger casting, because the 
lighter dross is forced to the 
inside during rotation where it 
lan be machined off. 

{2) Better grain structure, as 
shown in Fig. 3-9. 

(3) Low-cost molds. 

(4) Saving of metal because 
of higher strength and good out¬ 
side surface. 



IMPURITIES 


I'ix. ep. Coinparison of Krain stiuctunv ..f 
saiul and ccnlrifuxal castinj's. 

The disadvantages are: 


( 1) Molds must have hole from end to end. 

(2) Kxtra metal must be provided on inside for machining. 
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(3) fields be dynamically balanced. 

(4) There are close tolerances on the periphery only. 

The process can be used to cast such articles as gun shells, gear 
blanks, and pipes. 



Hg. 3-10. Hot ingots are first rolled in the blooming mill until reduced to desired size. 

Courtesy Bet!dchcm Steel Company. 


Rolling mill. In order to form an ingot into a desired shape, such as 
rails, structural shapes, and plates, it is hot-rolled in the rolling mill. 
When the ingot mold is removed, the temperature throughout the ingot 
varies; therefore it must be kept in a soaking pit until the temperatures 
are the same throughout the ingot. The soaking pit is a brick-lined 
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pit in the ground which is heated only by the excess heat of the ingots 
themselves. 


WIRE 


DIE 








l ij;- 3-13- Wire-drawing die. 



Fig. 3*»4. Skelp being formed into continuous butt-weld pipe. 


The actual rolling is done hot between large rolls having special¬ 
shaped flanges to give the desired form to the final product. The reduc¬ 
tion in cross-section area for each pass averages about 10%; consequently. 



OIRCCTION OF ROTATION 


PIERCEO BILLET 
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PIERCER ROLL 


DIRECTION OF ROTATION 


SOLID BILLET 


PIERCING POINT 


PIERCING POINT BAR 


PIERCER ROLL 


'»>) (c) 

iourlc\y Prof) h orviti^ A s.socialioii. 


Diagram iiliislraling piercing operation in making seamlejis tubing. Courtew 

hi fhlehrm Steel Company. 
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the length increases in order to maintain a constant volume. When the 
length is too long to handle, the bars are cut. Figure 3-11 illustrates the 
steps in rolling a 4 in. X 4 in. billet (bar) to a round rod. Hot-rolled 
metals have a dark oxide scale and the tolerances are large. If a better 
surface is desired, the scale is removed and the metal is rolled cold in the 
last pass, making what is known as cold-Jinishcd steel. 



Fig. 3-17- Forging an aluminum airplane propeller. Courtesy Aluminum Company of 

America. 


The rolling operation also has a beneficial effect on the grain structure 
of the metal. It breaks the grains into smaller parts and developes flow 
lines in the direction of the working, as is shown in Fig. 3-12. 

If certain properties, such as hardness and strength, are wanted, the 
metal is rolled cold. To reduce the size of wires, they are drawn through 
dies, as is illustrated in Fig. 3-13. These dies are made of special steels 
or diamonds. The metal becomes so hard, because of work-hardening, 
that after every three to nine passes it must be softened. The metal is 
softened by heating and then is slow-cooled (annealed). 

Tubing. Tubing is made either by welding or piercing. Two types 
of welding are used: lap welding, in which the two beveled edges of the 
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long narrow strip, the skelp, are lapped over and welded; and butt 
welding, in which the edges meet and are pressure welded. In lap weld- 
ing. the edges are first beveled, then pulled through a bell to obtain the 
I ube. The tube is next heated to welding temperature and rolled between 
two rollers while a mandrel passes inside the tube between the rollers 
to give support for the pressure w'cld. In butt welding, the skelp may be 
drawn through a U'elding bell at welding temperature so that the seam is 
pressure welded, or drawn between special rolls, as shown in Fig. 3-14. 

I'he lap weld is stronger than the butt weld, but if a still stronger pipe 

is necessary, a pierced seamless pipe should be used. Two special rollers 

^^’8- force the white-hot billet against a mandrel which pierces the 

hole. The process may be repeated until the desired shape and thickness 
are obtained. 

Extrusion. Extrusion has lately been used to make rods having 

special-shaped cross sections. Many parts such as brass door hinges can 

be completely formed except for small milling and drilling operations. 

I his process consists of forcing metal in a plastic state through a die 

having a hole which will produce the desired cross section. By the proper 

use of extrusion, much machine-work and large amounts of scrape can be 
avoided. 

Forgmg. Forging is the hammering of a metal part into the desired 
shape, either on an anvil or in a die, w'hile the metal is hot. The out¬ 
standing benefit of this method is the added strength obtained by having 
the grain-flow lines bend around corners, as is shown in Fig. 


rROULEMS 

1. What is the main advantage of a forging? 

2. What effect does hot-rolling have upon the grain structure of steel? 

3. What IS the difference between cold-rolled and cold-finished steel? 

4. What limitations are there upon the shape of a centrifugal casting? 

5 - List the methods of making castings and state some pronounced 
advantages of each. * 

6. Tell which method makes the strongest tubing and why 

7. List some casting defects and tell how to avoid them ' 

8. List as many factors as you can which should be considered when 
designing a casting. 

9* Why are ingots placed in a soaking j>it? 

10. What causes center-line weakness in castings^ 

11. What causes hot tears in castings and how can they be avoided? 

2. What qualities shou d sand have in order to be a good mold sand? 

13. Ibagram and describe a sand mold, naming the parts 

14. Describe how a die-casting machine operates. 


Chapter 4 

GRAIN STRUCTURE 


Since a metal can be fully described in terms of structure, composition, 
constitution, inclusion content, and grain size, it is evident that an under¬ 
standing of grain structure is of primary importance in the study of 
metallurgy. 

The atom. The atom is the fundamental material unit of an element, 
since it cannot be broken down further and still retain the properties of 
the element. An atom is made up of a nucleus, consisting of neutrons 
and positively charged protons, and a planetary arrangement of nega¬ 
tively charged electrons. The nucleus provides most of the mass of the 
atom; the electrons travel in orbits about the nucleus, much in the man¬ 
ner of the solar system. Under certain conditions, two or more atoms 
combine to form molecules. Each kind of molecule has specific prop¬ 
erties, just as each kind of atom is different from all other atoms. 

Atoms and molecules have different degrees of freedom of motion and 
position, depending upon the state of the material. In gases they can 
move freely in any direction, and although there is a lower limit to their 
spacing there is no upper limit. In liquids, they can move by each other 
freely, but their center distances remain nearly constant. These dis¬ 
tances are almost the same as they would be in a solid. Since atoms and 
molecules have freedom of motion in a fluid, a random and changing 
arrangement exists. 

Interacting forces between atoms and molecules determine the 
arrangement of the units upon solidification. If no external forces exist, 
the atoms and molecules will tend to arrange themselves in an orderly 
fashion so that all the forces are in equilibrium. This orderly structure, 
the arrangement of which depends largely upon the kind of material and 
its temperature, has specific geometrical shapes consisting of plane 
surfaces which are at characteristic angles with each other. These 
shapes are called crystals. 

The plane surfaces are planes in which the atoms have arranged them¬ 
selves, and they are parallel to the other planes in the crystal from the 
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center outward. The arrangement of atoms is called the space-laiike. 
Figure 4-1 shows a simple cubic lattice in which each atom is represented 
by a dot. The arrangement about each atom is the same, except on the 
surface, where the spacing may differ in order to equilibrate the forces. 
Three planes pass through each atom at right angles to each other. 

Other polyhedral forms of 
crystals make different 
space-lattices. 

Crystal growth. The 
surface atoms of a crystal 
have energy available for 
attracting free atoms into 
the lattice, thus causing the 
crystal to grow by adding 
planes parallel to existing 
surface boundaries. The 
important sources of free 
atoms or molecules from a 
metallurgical point of view 
are liquid metals and, under 
certain conditions, solids. The atoms in a solid may have some freedom 
of motion at certain temperatures. 

If two different materials crystallize side by side, and if each crystal 
retains the properties of one of the ingredient materials, the materials 
are insoluble in each other. If, on the other hand, the materials mix and 
form crystals which are different from the original materials, they are 
said to be soluble in each other. Metals may be completely insoluble, 
partially soluble, or completely soluble, depending upon the kinds of 
metals, the proportions in the alloy, and the temperature. 

Metals may be soluble in the solid as well as in the liquid state. If 
the atoms of two metals combine to form the crystal lattice of one of them, 
they are said to be in solid solution. There arc two kinds of solid solu¬ 
tions; the substitution class, where some atoms of the solute replace some 
of the atoms in the solvent lattice; and the interstitial class, where atoms 

of the solute are interspersed in the open spaces between the atoms of the 
solvent. 

Solidification of metals. For some unexplained reason, as a molten 
metal cools, certain atoms will arrange themselves into tiny crystals 
which serve as nuclei for larger crystals. The nuclei form at the freezing 
temperature, usually at the mold surface where the rough mold provides 
points of excess surface energy which promotes changes, and where the 
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temperature is lowest. As the crystals form, the atoms give off heat 
energy, which tends to maintain the metal at one temperature until all 
the metal has frozen. Figure 4-2 illustrates 
the constant temperature during freezing. 

If the liquid is cooled very fast, there is 
little time for crystal growth. Therefore a 
large number of nuclei form to create small 
crystals or grains. On the other hand, slow 
cooling allows time for crystal growth, so 
the metal solidifies in large crystals before 
many nuclei have formed. Cooling metal 
from a high temperature has the same effect 
as slow cooling, since the interior of the 
mass provides heat to maintain the temper¬ 
ature at the surface of the casting where the 
first crystals form. 

Crystals grow out from their faces by adding layers of atoms, but the 
rate of growth from the various faces differs. This variation makes 
the enlarged shape of the crystal different from that of the nucleus. The 
crystals of a metal often take on the appearance of pine trees as they grow. 
thus the name dejidrites. 


HEAT LOST 

Fig. 4-2. Cooling curve show¬ 
ing freezing point. 




Fig. 4-^a. Macro-etch of dendrites. Cour¬ 
tesy Pettibone MuUiken Corporation. 


Fig. 4-3b. Grain formation in sand 

mold. 


The crystals in a mold start to form at the surface first and then grow 
inward. Since large numbers of nuclei form at the same time, there is no 
room for growth except inward. Therefore the crystals are long and 
columnar. Figure 4-3b shows a round mold. The outside surface 
solidified first, then successive layers of metal were added as the inside 
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molten metal cooled. Since the volume of most metals shrinks as the 
fluid cools and freezes, a shrinkage cavity develops in the center, as is 
illustrated by the cross-hatch. The volume increases slightly as the 
metal solidifies, but the increase is small compared to the shrinkage that 
occurs during an appreciable temperature change. 

W'hen small, foreign, solid particles are mixed in the liquid, they tend 
to become the center of cr>'stals. Thus grain formation is promoted at 
isolated points in the interior of the liquid. 

Effect of grain structure on strength. Consider that two crystal 
nuclei have formed with orientations as shown at “start” in Fig. 4-4, 



where the dots represent atoms 
and the lines the atom planes. If 
only one grain were growing, the 
atoms would arrange themselves in 
parallel planes until all the liquid 
solidified as one large crystal. 
However, the second grain is grow¬ 
ing toward the first, thereby 
preventing a continued orderly 
arrangement. The atoms at the 
boundaiy- are in a strained condi¬ 
tion; that is, they have been forced 


I ii!. 4-4. Houn.lary sirain duf to orif.,- out of thcir natural positions. 

talH.n of grains. .-'i. .1 • . 

these natural positions are the 
jjositions of equilibrium where the attractive gravitational forces 
and the repulsive electrical forces of the positive atomic nuclei are 
balanced. Within certain limits, the farther an atom is pushed out 
of its natural position, the greater the force necessary to push or 
strain it. According to the definitions of strength and hardness, this 
concept would indicate that grain boundaries, when cold, would be 
the hardest and strongest part of a grain: the greater the strain, the 
greater the strength and hardness. When impurities which are unwanted 
by the growing crystal are i>resent, they may be pushed to the boundary. 
Here they may have either a strengthening or a weakening effect, depend¬ 
ing upon the material. This straincd-space-lattice theory can be 
employed to explain all types of hardening processes. 

Grain size. By using the above theory^ it is possible to predict to 
some extent certain properties of a material. Except at elevated tem¬ 
peratures where boundary atoms have some freedom of action, the smaller 

the gram the more boundary, and therefore the stronger and harder the 
material. 
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RANDOM 



ALIGNED 


The properties of low-alloy steels show a marked response to a change 
in grain size. Fine-grained steels have a greater toughness and resistance 
to impact. Their heat-treating temperatures are less critical and they 
have a smaller tendency to warp and crack. They are easier to cold- 
draw, to form, and to roll. Many fine-grained stainless steels are less 
susceptible to intergranular corrosive action. 

Large-grained steels have a higher creep strength, and are deeper- 
hardening, but have a lower fatigue strength. Their magnetic properties 
are better than fine-grained steels. 

Effect of grain orientation. The magnetic and electrical properties 
differ in a grain according to the direction in which the properties were 
measured. The electrical resistance 
is less along an edge than along any 
diagonal, and magnetic saturation is 
reached with fewer ampere-turns 
along the edge than along a diagonal. 

The fact that these properties are the 
same in any direction in an ordinary 
piece of metal indicates that the 

grains are placed at random. By special processing, the grains may be 
aligned to obtain the desired properties, as pictured in Fig. 4-5. 

Work-hardening. When a metal is hardened by deformation while 
cold, it is said to be work-hardened. The hardening effect may be 
explained by considering that each plane of atoms in a grain is represented 
by a card in a deck of playing cards. If the cards are pushed, their 
surfaces slide by each other easily, as shown in Fig. 4-6a; on the other 

hand, it is difficult to defonn the deck 
by tearing the cards. Should the push¬ 
ing be continued, the cards might become 
two separate groups, as in Fig. 4-6b, thus 
representing two smaller grains. The 
planes where slip is easy are called slip- 
planes. It can now be understood why a 


Tig. 4-5. Random and alif?ned jjrain 

structure. 


FORCE 


FORCE 

(aj 


(b) 


Tig. 4-6. (a) Strained grain show¬ 

ing slip planes, (b) Broken grain. 


grain hardens when it is deformed. The slipping causes a disarrangement 
of the atoms within the grain, thereby requiring a greater force to further 
strain the space-lattice, and it also increases the boundary by flattening 
the grain and by breaking some of the grains. Many products requiring 
strength or hardness are left in the work-hardened condition caused by 
the forming process, such as copper wire to be strung over long spans, 
and piano wire, which needs a high elastic limit. 

One effect of shot-peening (peening by hurling shot onto the surface) 
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is to harden and strengthen the surface of a material, thus helping to 
prevent fractures which start at the surface. 

Precipitation-hardening. Many materials, such as beryllium-copper, 
duralumin, and steels containing oxides, tend to harden at room tempera¬ 
ture over periods up to several days. These metals contain submicro- 
scopic particles of material which are more soluble in the metal at high 
temperatures than at low temperatures. When the metal is cooled, they 
are caught within the crystals, forming a supersaturated solution, and 
since they are not so soluble at the lower temperatures, they work their 
ways to the boundary'. In the process of going to the boundarj', the 
particles upset the space-lattice and cause strain or work-hardening. 
A second elfect that occurs is that the particle acts as an abrasive between 
the boundaries, making motion between the grains more difficult. This 
is sometimes called age-hardening or aging. 

Temperature effects, A perfectly elastic material will be deformed a 
certain amount when a load is applied and will maintain that deformation 
until the load is removed. It will then return to its original shape. 
Alany metals which are perfectly elastic at low temperatures tend to 
change shape slowly under a given load and to take on a permanent 
strain at elevated temperatures. The slow deformation is called creep. 
Creep becomes a very important factor in such high-temperature equip¬ 
ment as iet engines and high-pressure steam turbines. Many metals 
become extremely brittle at low temperatures. This fact is of extreme 
importance in the design of equipment to be used in vcr\' cold climates. 


SUM^LVRY AND DEFINITIONS 


Crystal. I he word crystal is used to describe a piece of matter 
throughout which the atomic arrangement is natural and regular. In a 
more specific sense, it is used to describe the exact shape of a crystal that 
has formed under complete freedom. 


Grain. A grain is one crystal. 

Space-lattice. The term space-lattice indicates the arrangement 
and spacing of the atoms in a crystal. 

tf 


SolubiUty. When two nutals crystallize side by side and each crystal 
rclains the properties of either one of the metals, they are said to be 

iiisoliihlr. If the crystals formed have the properties of none of the ingre- 
dient materials, they are soluble. 


Solid solution. .\ group of atoms of more than one metal which form 
into the s])are-lattice of one of the metals. 

Work-hardening. .Also called strain-hardening. The increase in 

hardness due to inelastic defonnation below the recrv.stallization tern- 
peraturc. 
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Precipitation-hardening. This type of hardening is caused by the 
travel at lowered temperatures of particles of insoluble, supersaturated 
material from the inside of a crystal to the boundary, thereby straining 
the space-lattice. It occurs in materials which are more soluble at high 

temperatures than at low temperatures. 

Creep. Creep is the slow inelastic deformation of a metal at elevated 

temperatures under stress. 

The strained space-lattice theory of hardening. Based upon the 
theory that any displacement of atoms in a crystal causes the require¬ 
ment of a greater force to further displace the atom. 

Problems 

1. What is a crystal? 

2. What is a grain? 

3. What is meant by a space-lattice? 

4. Why is a small-grained material at room temperatures usually 

stronger than a large-grained material? , 1 . • 1 

5. Describe how crystals form in a cooling casting. Why do shrinkage 

cavities occur? 

6. How can the strained-space-lattice theory be used to explain work- 
hardening? 

7. Describe the process of precipitation-hardening. 

8. What is creep and why is it an important consideration? 

9. How are crystals formed? 

10. What effect may small impurities have upon gram formation. 

11. What happens to atoms when they freeze? 

12. What is a solid solution? 

13. When do slip-planes occur in the space-lattice? 

14. Describe the difference in the crystalline arrangement of a mixture of 

soluble and a mixture of insoluble metals. 

15. What effects does grain size have upon the properties of steel? 
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liiK KQUiLiHRiuM, Of Constitution, diagram is a great aid in the study 

and use of alloys. It can help to predict properties, indicate heat- 

treating temperatures, aid in choosing a type of heat-treatment, and show 

the proper percentages of the alloying elements. It is a diagram which 

shows the temperatures of critical changes at varying percentages of the 
alloying metals. 

Cooling curve. When a pure metal is heated above the melting point 

and allowed to cool, a curve such as 
that in Fig. 5-1 can be plotted. The 
<lata for the curve can be secured by 
taking the temperature of the metal 
at frequent intervals of time. These 
data are then plotted with the tem¬ 
perature as the ordinate and the time 
as the abscissa. The slope of the 
upper part of the curve is steep. 
As the metal cools, the slope becomes 
more gradual, because the cooling 
rate is proportional to the temperature 
ditlerence between the metal and its 
surroundings. 

A stiuly ,.f the curve shows that a point exists at which the tempera- 
(ure .s constant lor a period of time. This is the temperature at which 
reeling or solidihcation occurs. It was pointed out in Chapter 4 
Hud during crystallization atoms give oil heat energy which tends to 
maintain a con.stant temperature until all the material is solid. It is 
us reezing period that shows uj) as a constant temperature line in Fig. 
M. Above the treezmg point, the metal is all liquid; at the freezing 
point, the metal is a mixture \aiy ing from 100% liquid to 100% solid; 
and as soon as the metal is 100', solid, the temperature again begins to 
drop at an ever-decreasing rate. W henever crystalline changes occur in 
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the structure of a metal, an absorbing or giving up of heat energy takes 
place, which shows up as a constant temperature line on the temperature- 
energy curve. 

Equilibrium diagram construction. Consider the set of cooling 
curves shown in Fig. 5-2. This series of curves is for var)dng percent¬ 
ages of a two-metal alloy, called a binary alloy. Study will indicate that 
a certain regularity exists in the variation of the critical temperatures. 




t'lg- 5-3- Constitution diagram made trom cooling curves in Fig. 5-2. 

This regularity suggests the possibility of a new curve of temperature vs. 
the alloy percentages. Such a curve is shown in Fig. 5-3, where the 
points I, 2, 3, and 4 correspond to the points /, 2, j, and 4 in Fig. 5-2. 
It is called an equilibrium or a constitution diagram. All the material 
above the line ABC is liquid; the line is called the liquidus. In between 
the lines ABC and DBE, the material is all solid. The line DBE is called 
the solidus. 

Types of equilibrium diagrams. The study of several general cases 
of equilibrium diagrams will give a good basis for further study. There 
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are many variations and complications. The general types may be 
listed in the following manner: 

Case I—Insoluble in all proportions in both the liquid and solid 
states. 

Case II—Soluble in all proportions in both the liquid and solid states. 

Case III—Soluble in the liquid state only. 

Case IV—Soluble in the liquid state and partially soluble in the solid 
state. 

Case V—Soluble in the liquid state and soluble in the solid state 
within certain temperature ranges. 

Case I. Aluminum and lead, and copper and lead are examples of 
Case I. The diagram for aluminum and lead is shown in Fig. 5-4. 



Since no solution occurs in either the solid or liquid state, the solidifying 
temperature of neither metal is affected by the other. Regardless of the 
composition, all the aluminum solidifies at 1217.7 F, and all the lead 
solidifies at 620.6 F. Tracing the changes of the 50-50 mixture, at point 
/ !>oth metals are liquids but are not dissolved in each other. When the 
temperature lowers to point 2, the aluminum begins to crystallize and 
float on the heavier lca<l. After all the aluminum has solidified, the 
temperature lowers through point j to point where the lead begins to 
crystallize. The temperature remains at 620.6 F until all the lead has 
solirlified, and then it drops through point 5, where the Pb and A 1 are in 
completely separate crystals. Because of the great difference in specific 
gravities, the A 1 floats on the lead and is therefore completely separated, 
making the so-called alloy of no commercial value. Since copp>er and 
lead have more nearly the same sj)ecific gravities, they do not tend to 
separate so completely. In fact, if 15^^' to ^o^c lead alloy is cooled fast 


THE EQUILIBRIUM DIAGRAM 


47 


enough, the lead will be distributed throughout the copper in the form of 
spherical particles. These plastic coppers make good bearing materials. 

Case II. This case represents alloys which are soluble in both the 
liquid and solid states in all proportions, such as the gold-silver, gold- 
platinum, copper-nickel, iron-nickel, iron-manganese and nickel-chro¬ 
mium alloys. Figure 5-5 represents a typical Case II alloy. Above the 
liquids, the material is a liquid solution at all proportions of the two 
metals; below the solidus, it is a solid solution at all compositions. In 
between these two lines, there is a mushy material composed of a mixture 
of solid-solution crystals and a liquid solution. 

The Case II diagram might be more clearly understood by tracing 
through the changes from point i to point j in Fig. 5-5. At point i 



Fig. 5-5. Case II. 

there is a liquid solution of A and B. When the temperature drops to 
the liquidus, crystals of the solid solution start to form. As the tempera¬ 
ture lowers further, more and more crystals form, until the material is 
completely solid at the solidus. The alloy at point j is a solid solution. 

Case m. Case III represents alloys which are completely soluble in 
the molten state and completely insoluble in the solid state. This type 
is sometimes called an eutectic diagram. As a basis for understanding 
this diagram, it should be understood that, in most cases, when one metal 
is dissolved in another, the freezing point of the solvent is lowered. An 
excellent example of this phenomenon is the solution of salt and water. 
In Fig. 5-6, as more of B is added to A, the liquidus CD goes to lower 
temperatures. On the other hand, as more of A is added to 5 , the 
liquidus ED goes to lower temperatures until it crosses CD at D. Point 
D then indicates the composition which gives the lowest-melting-tem¬ 
perature alloy. This lowest temperature is called the eutectic letnpera- 
turCy and the composition at that point is called the eutectic alloy. The 
point D itself is termed the eutectic point. 
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Suppose that the changes in several alloys are traced as the metals 
( ool. At point / the material is liquid, hut as the temperature reaches 
lh(‘ liquiflus. metal A starts to crystallize as a pure crystal of A. When 
point 2 is rea( hod. the material consists of some ciy'stallized A and an 
enriched solution of B \n A. 'J'his process of enrichment continues until 
the temperature lowers to the solidus. The solidus is a straight, hori¬ 
zontal line which passes through the eutectic point; therefore it represents 
the lowest temperature at which a liquid may exist. Since the eutectic 
composition has the lowest possible melting point, it must be that the 



liquid upon reaching the solidus has been enriched to the eutectic compo¬ 
sition. Point j is then a solid consisting of crystals of .1 mixed with 
crystals of the eutectic mixture. 1‘igure 5-7 shows the grain structure of 
such a composition. The light crystals would be those of metal A, and 
the laminated crystals would be the eutectic mixture. The laminated 
crystals are made up of alternate layers of the metals .1 and B in what is 
(ailed an in/iviale niixiurc, as contrasted with a compound. However, 

this mixture contains very delinite percentages of the alloying metals, 
those at the eutectic point. 

I'ollowing the changes from point 4, Avhere the metals are molten, no 
(hange takes place until ])oint D is reached. Since this is the eutectic 
Iioini. alt the material crystallizes at that temperature, forming a solid of 
100 ( eulectic crystals at point -r. Pigure 5-S shows this grain structure, 
W hen the li(|uid at point d cools to the liquidus, crystals of metal B 
start to crystallize out. As the temperature passes through point 7, 
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the liquid becomes more enriched, until the eutectic composition is 
reached at the solidus, at which temperature the remaining liquid becomes 
crystals of the eutectic composition. At point 8 there are crystals of B 
mixed with crystals of the eutectic, as shown in Fig. 5-9. 

Examples of Case III are the bismuth-cadmium and the lead-anti¬ 
mony alloys. 

Principle of horizontals. The liquidus CDE in Fig. 5-6 constitutes a 
line of balancing conditions in the changes of state. If a slight amount 
of heat is added, metal melts; if it is subtracted, metal freezes. It is a 
line of equilibrium. Therefore these diagrams are called equilibrium 

diagrams. 

Consider the horizontal line MN through point 2. The point N is 
the equilibrium temperature for the composition P. The line MN is also 



Fig. 5-7. Below eutec¬ 
tic per cent of B. Light 
crystals are A, laminated 
are eutectic. 



Fig- S-S- One hundred 
per cent eutectic. 



Fig. 5-9. .\bove eutec¬ 
tic per cent of B. Dark 
crystals are B. 


an equilibrium line, since the addition of heat will cause crystals of metal 
A to melt, and the subtraction of heat will cause crystals of A to separate 
from the liquid. The composition P must then represent the composition 
of the remaining liquid for any alloy at the temperature of the line MN. 
This concept is known as the principle of horizontals^ which states that 
the composition at all points along a horizontal temperature line in any one 

block of an equilibrium diagram is constant. 

This principle makes it possible to figure the amounts of solid and 
liquid at any given point in a block. For instance, suppose that the com¬ 
position at point I were 70% A and 30% and that the composition at 
N were 50% A and 50% B. Also assume that the total material weighs 

100 lb. 

At point I there is 70 lb of A and 30 lb of B. At point 2 there is still 
30 lb of B in the liquid, but some of the A has crystallized out. Since by 
the principle of horizontals the composition of the liquid at point 2 is 
50% A and 50% B^ there must be 30 lb of A in the liquid. Therefore, 
there must be 60 lb — 30 lb = 3® ^ crystalline form at point 2. 

Now assume that the eutectic alloy composition is 40% A and 60% B. 
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To find the proportions of material in the solid state at point j proceed as 
fol I ows: 

There is ,^o lb of B in the eutectic composition. Therefore, the 
amount of A would he 


A _ 40 
30 lb 60 

I ^ J? 
“'60 


20 lb of metal A 


rhe amount of eutectic = 30 lb + 20 lb = 50 lb. The amount of excess 
A = 100 lb — 50 lb = 50 lb. Therefore, at point j there is 50% cry- 
stalline A and 50% eutectic crystals. 



I'ig. 5-10. Case IV. 


Case IV. In Case I\ the metals are soluble in each other in the liquid 
state but only partially soluble in the solid state. Above the line CDE 
in Fig. 5-10 a liquid solution exists. The variation of the remainder of 
the diagram from that of Case III is the blocks of solid solution. The 


left-hand block is generally termed a solulioiiy and the other side is fi 
solution. 

I he principle of horizontals can be used to help determine the char¬ 
acter of the material in the block IIFDD. The horizontal MN does not 
extend to the pure metal line of 100% A at the left, but first hits the line 


The line Cl indicates an oc solid solution; therefore, the solid in 
block CDF is an a solid solution of composition /^ On the right side, 
the solid in block DhO is a /i soli<l solution for similar reasons. The 
eutectic must theiefore consist of a mixture of ot and solid solutions. 
One can now see that block llhIX) consists of a solution and an eutectic 


of a and solutions, while block IKiJO consists of solution and an 
eutectic of a and ^ solutions. 



THE EQUILIBRIUM DIAGRAM 


51 


Trace the change from point i to point j. At point i there is a liquid 
solution. As the temperature lowers to the line CD, oc solid solution 
starts to appear and at line CF it is ioo% a solution. At line FH the 
solution is saturated. If the temperature is lowered still more, either B 
must come out of solution or else the solution is supersaturated and 
unstable. Use is made of the supersaturated condition in the precipita¬ 
tion-hardening process. In order to reach a stable condition at point 2, 
enough metal B must come out of solution so that the solution is not 
supersaturated. In the process of leaving the a solution, the particles 
of B strain the crystals, thus hardening and strengthening the material. 
This type of hardening, called precipitalion^hardening, will be discussed 

in a later chapter. 



PER CENT COMPOSITION 


Tig. 5-11. Case V. 

The changes from point 3 to 4 are somewhat different from the cor¬ 
responding points in Case III. At the liquidus, ot solution starts to crys¬ 
tallize out instead of the pure metal A. As the temperature lowers to 
the line FD, enough a solution crystallizes out of the liquid to make the 
eutectic mixture of a and /3 solutions. The remaining liquid then solid¬ 
ifies at the eutectic temperature. At point 4, the material consists of the 
eutectic mixture of oc and solutions and an excess of oc solid solution. 
The changes from point 5 to point 6 are similar to those from point j to 
except that the excess of /3 crystallizes out so that the material at point 6 

consists of the eutectic plus an excess of solution. 

A practical example of Case IV is the lead-tin series of alloys. These 
alloys form the different types of solder. The lead-tin eutectic contains 
about 38% lead and is called Hn solder. Since it is eutectic, the solder 
changes from a liquid to a solid quickly. Plu'trihers solder , which contains 
about 67% lead, passes through a mushy stage as the lead-rich crystals 
form. The cooling through the mushy state requires time, which gives 
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an opportunity for uiping the joints of the lead sheaths of telephone and 
electric power cables. 

Case V. Case V represents alloys of metals which are soluble in the 
liquid state and soluble in the solid state within certain temperature 
limits. A study of Fig. 5-11 reveals that the upper part of the diagram is 
similar to Case II, but as the temp)erature lowers to line CZ)£, pure 
ciy'stals of the metals A and B come out of solution. The point D is the 
lowest temperature at which a 100% solid solution is possible, and since 
no change of state occurs in passing through this point, it is called the 
eulectoid. At the line FDG, then, all the remaining 7 solution breaks 
down into a eutectic mixture of A and B. This case can be used to 
explain the iron-carbon system. 

Other diagrams. It should be understood that the five cases just 
described are the simpler types. However, many variations and com¬ 
binations of these types exist. The formation of intermetallic compounds 
often causes instability of solutions so that the diagrams are complicated. 
More advanced texts can provide more detailed information on these 
diagrams. Three-dimensional and contour diagrams can be used to 
illustrate simple ternary alloy changes. 


SUMiL\RY AND DEFINITIONS 


The five simplified types of constitution diagrams of binary alloys are: 
Case I. Insoluble in all proportions in both the liquid and solid 
states. 


Case 11 . Soluble in all proportions in the liquid and solid states. 

Case III. Soluble in the liquid state and partially soluble in the 
solid state. 

Case IV. Soluble in each other in the liquid state but only par¬ 
tially soluble in the solid state. 

Case V. Soluble in the liquid state and soluble in the solid state 
within certain temperature ranges. 

Cooling curve. A curve having the temperature of a material as its 
ordinate and time as its abscissa. 


Binary alloy. An alloy consisting of hco pure metals and possibly 
minor impurities. 

Ternary alloy. An alloy consisting of three pure metals and possibly 
minor impurities. 


State. I he condition uf a material, such as solid, liquid, or gas. 

Liquidus. I he line on an equilibrium diagram above which all the 
melal is molten. 
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Solidus. The temperature line on an equilibrium diagram below 
which all the metal is solid. 

Mushy stage. The blocks between the liquidus and the solidus 

where the material is partly liquid and partly solid. 

Eutectic. The lowest temperature at which an alloy can be com¬ 
pletely liquid. 

Eutectoid. The lowest temperature at which a solid solution is 
possible. 

Equilibrium diagram. A diagram showing the transformation tem¬ 
peratures for all compositions of a given metal alloy series. 

Constitution diagram. Another name for an equilibrium diagram. 
The principle of horizontals. States that the composition at all points 
along a horizontal temperature line in any one block of an equilibnum 

diagram is constant. 

Problems 

1. Explain how the data for a cooling curve may be obtained. 

2. How are cooling curves used in the construction of equilibrium 

diagrams? 

3. Explain carefully how the equilibrium diagram gets its name. 

4. How can the principle of horizontals be used to determine the per¬ 
centage of eutectic in an alloy? 

5. Discuss fully the practical use of an equilibrium diagram. 

6 . If the eutectic in Fig. 5-6 were 60% A and 40% -S, how many pounds 
of eutectic and of solid A would there be in 100 lb of alloy of 30% A and 

70% B? 

7. Do Problem 6 with an alloy of 40% A and 60% B. 



Chapter 6 


THE IRON-CARBON CONSTITUTION 

DIAGRAM 


Perhaps the most important of all alloy series is the iron-carbon series, 
and this is commercially important only under about 5% carbon. This 
chapter will deal with that portion of the equilibrium diagram. 

Iron-carbon equilibrium diagram. The iron-carbon diagram has 
been a subject of investigation for many years and the critical tempera¬ 
tures have been fairly well determined. Figure 6-1 is a simplified 
equilibrium diagram of this series of alloys which shows only the iron-rich 
end up to about 5% carbon. Certain changes near II are omitted, since 
they are unnecessary in this book. The liquidus is the line IIDE and 
the solidus is the line IICDh. The section of the diagram between 0% 
and 1.7% carbon is the steel section, which will be discussed more fully 
in the next chapter, and the remainder represents the cast irons. 

The point D is the eutectic for iron and carbon, which is at about 4.3% 
carbon. It is interesting to note that this is about the composition of 
the blast-furnace pig iron. Point B is the eutectoid. 

Two allotropic forms of iron are of interest in this book. They are 
termed alpha (a) iron and gamma ('y) iron. The cause of the differences 
in these metals of the same element is the atomic arrangement in the 
crystals. Alpha iron is body-centered (Fig. 6-2a), and gamma iron is 
face-centered, that is, y iron is more closely packed and therefore of some¬ 
what higher density than a iron. fFig. 6-2b.) 

Among the more important distinguishing characteristics between 
alpha iron and gamma iron are the magnetic and solution properties. 
Al[)ha iron is magnetic, whereas gamma iron is para-magnetic. Alpha 
iron di.ssolves only very small amounts of carbon, whereas gamma iron 
<lisolves up to 1.7^ ^ carbon. Solutions in which alpha iron is the solvent 
are tenned ferrite. Ferrite is almost pure iron. Solutions in which 
gamma iron is the solvent are termed austenite. 

Phases and constituents. A phase can be defined as a physically 
(listind, homogeneous sul.stuiue. Applied to metallurgy, each of the 
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(a) (b) 

Tig. 6-2. (a) Body-centered lattice, (b) Face-centered lattice. 
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following may be considered a separate phase: pure metal, metallic 
(ompound, solid solution, liquid, solid, and gas. 

Constituents are those portions of an alloy which appear to be definite 
units in the structure when viewed through a microscope. They may 
include eutectoid mixtures which appear to be homogeneous at low 
magnifications but are in reality mixtures. 

All phases are constituents, but not all constituents are phases, since 
some are mixtures. Austenite and ferrite are phases, whereas pearlite is 
a constituent but not a phase. 

Except for variations near H, austenite freezes out of the liquid from 
the line TJD to IIC. At IIC the alloy becomes one solid phase, austenite. 
At CD the remaining liquid is the eutectic composition. This liquid 
freezes at a constant temperature into the eutectic mixture of austenite 
and cementite known as Icdehiirite. Cementite freezes out of alloys con¬ 
taining more than 4.3% carbon from DE to DA'. At DK the remaining 
liquid has the eutectic composition which freezes into ledeburite at a 


constant temperature. 

The temperature at which gamma iron changes to alpha iron (ferrite) 
lowers as the percentage of carbon in austenite increases. The line AB 
represents this change. As ferrite continues to form, it leaves a carbon- 
enriched austenite; therefore the temperature must lower before more 
ferrite can form. The line A B indicates the solubility of ferrite in austen¬ 
ite, and is therefore known as the ferrite solubility curee. 

The line BC is called the cementite solubility curce since it is the line at 
which the cementite phase is precipitated. Beyond point B, about 0.85% 
carbon, the increasing percentage of carbon dissolved in austenite raises 
the temperature at which cementite precipitates. Conversely, when the 
temperature is continuously lowered to line BA, increasing amounts of 
cementite, and therefore carbon, leave the austenite until the line BC 
crosses AB. Point B must then indicate the temperature at which 
austenite is saturated with both cementite and ferrite. No further 
reduction in temperature is possible if austenite is to be retained. The 
remaining austenite becomes the eutectoid mixture upon cooling below 
this temperature. 

If the cooling is sutTiciently slow, the eutectoid mixture solidifies into 
grains which consist of alternate layers of ferrite and cementite. These 
grains are known as pearlite, because of their appearance. The phases 
below the line ML are cementite and ferrite, and part of these phases 


form the eutectoid constituent, ]>earlite. 

1 he block AMPt exists in onlv Nerv low-carbon-content steels, which 
are not (ommon materials. It does, however, resemble Case IV, in 
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which precipitation-hardening is possible. The existence of block AM A 
explains the slow hardening of ferrite which sometimes occurs at room 
temperatures. It also indicates that ferrite is a solid solution which 
contains a small amount of carbon, possibly from o.oi% to 0.035%- 
Certain phases exist in a stable condition in certain blocks in Fig. 6-1. 
The following is a list of the phases in the more important blocks: 

Above HDE —liquid solution 

HDC —liquid solution and austenite 

DEK —liquid solution and cementite 

HCBA —austenite 

ABM —ferrite and austenite 

BCKL —austenite and cementite 

Below ML —ferrite and austenite. 

Calculation of compositions. Figure 6-1 can be used as a basis for cal¬ 
culating the compositions of the various constituents of steel. The 
amount of FesC is the starting point of the calculations. The atomic 
weight of iron is approximately 5b; that of carbon is 12: therefore, there 
are 3 X 56 parts of iron to 12 parts of carbon by weight. Thus the 
percentage of carbon in FesC is approximately 


12 

3 X 56 -I-12 


X 100 = 6.6% 


In pearlite, it is known that the ratio by weight of the FcaC lamina¬ 
tions to the Fe laminations is about i to 7» ^ fairly constant ratio if 
impurities are small. Suppose 0.3% carbon-steel is being figured, and 
suppose that all the carbon is in the FcaC, then the percentage of FcsC is 


^4^ = 4.?% of the total steel. Also, since all the Fe^C is in the pear- 

litic laminations, the percentage of pearlite is 4-5% X 7 “ 3^*5%j 
the percentage of ferrite is 100 — 31.5 = 68.5%. 

Consider a steel having 1.2% carbon content. The amount of FesC is 

= 18 2% If 18.2% of the steel is FcsC, the remainder must be 

0.066 

ferrite, the percentage of which is 100% 18.2% = 81.8%. Above the 

eutectoid percentage of carbon, all the ferrite is in the ferrite laminations 
of pearlite; therefore there must be X 81.8% = 93-5% pearlite. 
The remainder of the steel is the excess cementite, which is 100% - 


93-5% = 6.5%. 

Definitions and Summary 


Alpha iron (a) has a body-centered lattice. 

Gamma iron (7) has a face-centered lattice and is para-magnetic. 
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Ferrite is almost pure alpha iron, although alpha iron will form a 
solid solution with silicon, nickel, phosphorous, and small amounts of 
carbon. 

Cementite is iron-carbide (FcsC) and it can be dissolved in gamma 
iron. 

Austenite is a solid solution of gamma iron and cementite or carbon. 

Pearlite is the eutectoid decomposition product of slowly cooled 
austenite. Structurally, it consists of alternate layers of ferrite and 
cementite. 

A phase is a physically distinct, homogeneous substance. A separate 
phase may be a pure metal, a metallic compound, a solid solution, a 
liquid, a solid, or a gas. 

A constituent is that portion of an alloy which appears to be in definite 
units in the structure when viewed through a microscope. Pearlite, 
although a mixture, is a constituent, since it appears to be homogeneous 
at low magnifications. All phases are constituents, but not all constitu¬ 
ents are phases. 

Ledeburite is the eutectic mixture of iron and carbon. It consists of 
austenite and cementite. 


Problems 

1. Distinguish between a phase and a constituent. 

2. What methods can be used to determine when alpha iron has changed 
to gamma iron? 

3. What is meant by the term “solubility curve”? 

4. What arc the main differences between austenite and ferrite? 

5. Trace and describe the changes in 0.6% carbon-steel as it is cooled 
slowly from a liquid to room temperature. 

6. By studying Fig. 6-1 find the maximum percentage of carbon that 
can be dissolved in gamma iron. 

7. Calculate the percentages of ferrite, cementite, and pearlite in 0.4% 
carbon-steel. 

8. Calculate the j)ercentages of ferrite, cementite, and pearlite in t.o% 
carbon-steel. 



Chapter 7 

THE HEAT-TREATMENT OF STEEL 


The great usefulness of steel depends not only upon its cost and strength, 
but also upon the variety of properties obtainable by heat-treatment. 
This chapter deals with the heat-treatment of carbon-steel. 



Fig. 7-1, Steel portion of the simplified iron-carbon constitution diagram. 

Steel. Steel is generally considered to be confined to the iron-carbon 

alloys containing between about 0.05% and 1.7% carbon. The actual 
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useful Steel is even more limited. Figure 7-1 shows a simplifted constitu¬ 
tion diagram of the solid steel portion of the iron-carbon diagram. 

The phases encountered in the heat-treatment of steel are austenite, 
ferrite, and cementite. 

Austenite. Austenite is found in stable form only above the line 
ABC. Since it is a solid solution, the grains appear to be homogeneous 
when viewed through the most powerful microscopes. Since it is para¬ 
magnetic, the temperature at which all the metal is austenite (that is, 
the upper critical temperature lines DBE) may be detected by the use 
of a magnet. 

The maximum solubility of carbon in gamma iron is 1.7% at a tem¬ 
perature of 2066 F. Austenite has no definite composition such as 
cementite has. 

Ferrite. Ferrite is nearly pure alpha iron. It can be found any^vhcre 
below the F line ABC, along with other crystals. It is also found in 
block ABD with austenite. The properties of ferrite at room tempera¬ 
ture are: 

Tensile strength: 40,000 ])si 
Brinell hardness: about 90 
Elongation: about 40% 

Machinable 
Strongly magnetic. 

Cementite. Cementite is the chemical compound FcsC, which has a 
definite composition. In slowly cooled steel it is found as free cementite 
in steel containing over 0.85% car])on and as a part of pcarlite. In 
quenched steels it is found in many more complex constituents, which 
will be described later. I'he properties of cementite arc: 

'I'ensile strength: unknown 
Brinell hardness: about 650 
Practically no ductility 
Magnetic. 

Primary constituents. Ihe products of quenched austenite are 
known as the primary coasliluculs of steel. They are generally put into 
four groups: marlcusite, primary I roost He, sorbite, and pcarlite. The 
product that is obtained by C|uenching depends mainly upon the rate of 
cooling and the temperature to which it was cooled, but it can also 
depend upon the grain size of the austenite and the temperature at which 
the cooling starts. Large grains lend to slow up the transformation 
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from austenite to the decomposition product. Thus they have the same 
effect as slower cooling. 

Martensite. Martensite is the decomposition product which results 
from the very rapid cooling of austenite. The lower the carbon content 
of the steel, the faster must be 
the cooling in order to obtain 
martensite. Under the micro¬ 
scope it appears as needle-like 
crystals placed at random. It 
is the hardest of the primary 
constituents. The properties 
of martensite are: 

Tensile strength: about 
200,000 psi 

Brinell hardness: 400 to 

700 

Elongation: below 10% 

Magnetic. 



I’ig. 7-2. Martensite 


Primary troostite. Primary troostite results from a somewhat slower 
cooling than that used for obtaining martensite. Primary troostite is 
very difficult to obtain by itself, since it generally occurs with some 
martensite if the cooling is too fast and \rith some sorbite if the cooling 
is too slow. Under the normal magnifications, troostite appears as dark, 
irregularly shaped areas or grains, but some observers feel that it has a 
very fine pearlitic structure. 

The properties of primary troostite are: 


Tensile strength: less than martensite 
Brinell hardness: less than martensite 
Ductility: greater than martensite 
Machinability: better than martensite. 

Primary sorbite. Sorbite is formed with a somewhat slower quench 
than that used for primary troostite. Under high magnification it 
appears to have small grains made up of fine laminations similar to those 
of pearlite. The cooling is too fast to allow the normal pearlitic structure 
to take form. The properties of sorbite are: 

Tensile strength: 90,000 psi 
Brinell hardness: about 200 
Elongation: about 20% 

Machinability: better than troostite. 


G2 
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Pearlite. I’earlite forms upon a very slow cooling of austenite. A 
complete transformation takes place because time is allowed for the 
energ}' rhanRes and the molecular arrangements to take place before 



I'iK- 7-3- Pearlite. 


rigidity sets in. It appears under the microscope as grains consisting of 
alternate layers ot cementite and ferrite. A study of the iron-carbon 


equilibrium diagram at about 0.85^’; 



7-.|. llyjujiMitei toiil vtiH-l 


carbon indicates that the composi¬ 
tion of the cold steel would be 100% 
pearlite {eutectoid mixture). If 
the percentage of carbon is less 
than 0.85^^, there will be an excess 
of ferrite, and if over 0.85%, there 
will be an excess of cementite. The 
following steel classifications are 
based upon the foregoing facts: 

Ilypocnlccfoid steel- e.xcess of 
ferrite 

liutccloid steel all pearlite 

Ilypereutcctoid steel— excess of 
cementite. 

When the weights of ferrite, 
cementite, and pearlite arc plotted 
as ordinates against the percentage 


result. 

carbon 


At 0% carbon, the metal is 
increases, more cementite 


of carbon in the steel, Fig. 7-6 will 
100^ c ferrite, but as the percentage of 
is foniied. The cementite, in turn. 
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mixes with more ferrite to form more pearlite. At 0.85% carbon, the 
percentage of cementite is just the correct amount so that all the ferrite 
has been used in making cementite or will appear as layers of ferrite in 



Fig- 7-5- Hypereutectoid steel. 


pearlitic grains. There is 100% pearlite at the point. An increase in 
the amount of carbon increases the amount of cementite by taking ferrite 
from the pearlite. This excess of 
cementite is caused, firstly, by the 
ne^y formation, and secondly, by 
taking ferrite from pearlite and 
leaving an excess of cementite. 

The properties of pearlite are: 

Tensile strength: about 100,000 
psi 

Brinell hardness: about 150 

Elongation; about 25% 

Machinability: good 

Secondary constituents. The secondary^ constituents of steel are 
formed by heating martensite to temperatures below the line ABC 
^1333 F) and then cooling. The effect of heating in this way is to relieve 
internal stresses and to increase ductility. This process is known as 
tempering or drauing. Since martensite is the most unstable product of 
the decomposition of austenite, it tends to continue the decomposition 
process which the fast cooling arrested. The process is speeded up at 
elevated temperatures and becomes more complete if given more time. 



Tig. 7-6. Diagram showing the compo¬ 
sitions of slowly cooled steel. 
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I'hc various products of the decomposition of martensite are called 
the secondarv conslituents of steei. The product obtained depends upon 
the temperature and the length of time that the piece is held at the 
tempering temperature. Increasing tempering temperatures tend to 
cause the following trends in the physical properties of carbon-steel: 

Ductility increases 
Hardness decreases 
Tensile strength decreases 
Machinability increases 
Cementite particles increase in size. 
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The change with temperature is so gradual that no sharp demarca¬ 
tion e.xists between any of the secondaiy’ constituents of steel, namely, 

secondary Iroostiic, sorhilc^ and 
spJicroidized cementite. Quench¬ 
ing is not necessary in the temper¬ 
ing process unless a piece is heated 
in such a way that the tempera¬ 
ture continues to rise after heat is 
no longer applied. This con¬ 
tinued rise might occur in the 
tempering of a center punch 
where the shank of the punch is 
heated and the heat is then 
allowed to travel to the point. 
When the point is at the correct 
temperature, as shown by the 
oxide color, it is quenched. 

Secondary troostite is pro¬ 
duced w'hen tempering tempera¬ 
tures l)etwecn about 400 F and 750 F are employed. It is similar to 
primary troostite but much easier to make. It is the hardest and the 
most dilticult to machine of the secondaiy' constituents. 

Tempering temjieratures from 750 F to 1250 F result in secondary 
sorbite, which has j>roperties similar to primary sorbite except that 

residual stresses are ai>t to be smaller. It is more easily machined and 
softer than troostite. 

Spheroidized cementite. When the tempering temp>erature is just 
below the line ABC in l ig. 7-1, that is, just under 1333 F, the cementite 
is fluid enough for the small cementite particles of the martensite to 
(oales(e into spherical partii les. 1 he particles arc spherical because the 
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lig. 7-7. Spheroidized cementile 
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surface tension makes their areas a minimum. The appearance is that 
of the spherical cementite particles imbedded in a matrix of ferrite, as 

shown in Fig. 7-7. 

Spheroidized cementite can also be made directly from pearlite. 
The layers of cementite take a spherical shape when the temperature is 
just below 1333 F. 

Spheroidizing improves the machining qualities, since the hard 
cementite particles do not approach continuity as in pearlite and mar¬ 
tensite. 


FERRITE CEMENTITE 

' - ^ - ' 

Heat above upper 
critical temperature 

i 

AUSTENITE 


Decreasing rate of cooling - 

I f } 



SECONDARY SECONDARY SPHEROIDIZED 

TROOSTITE SORBITE CEMENTITE 


PHASES 


PRIMARY 

CONSTITUENTS 


SECONDARY 

CONSTITUENTS 


Fig. 7-8. Chart showing relationships between the constituents and phases of steel. 


Annealing. Annealing is the heating of steel to about 50 F above the 
line DCB in Fig. 7-1 and then cooling it very slowly in an insulating 
material such as lime or in a slowly cooled furnace. The main purposes 
of annealing are: 

(1) To refine the grain structure 

(2) To relieve internal stresses 

(3) To soften for easier machining or working. 

Eutectoid or hypoeutectoid steel should be held at the annealing 
temperature just long enough for the transformation to austenite to be 
completed. If it is held there longer or if the temperature is too high, 
the grain size will increase, and the cold-working and machining prop¬ 
erties will be impaired. The temperature should be held as low and the 
time as short as possible. The constituents of fully annealed steel are 
ferrite and pearlite below the eutectoid, and cementite and pearlite above 
that composition. 
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Normalizing. Where large aggregates of constituents or large grains 
occur, the process of normalizing can be used to make a more homo¬ 
geneous material and to reduce the grain size. 

The steel, particularly in steel castings, is heated some distance above 
the line DBE and held at that temperature until the transformation to 
austenite is complete. This transformation can be determined only by 
microscopic inspection. The metal is then cooled in still air at room 
temperature. If the steel must be held at normalizing temperature a 
long time in order to break up the aggregates, large grains will form, and 
the normalizing treatment may have to be followed by annealing. 
Because of the breaking up of the hard cementite and because of the 
smaller grains, both high- and low-carbon steels become more machinable 
after the normalizing operation. 

Case-hardening. There are many instances when a hard, wear- 
resistant surface and a tough, ductile core are desirable in a steel part, 
such as in cams, gear teeth, pins, and crankshafts. Several processes 
will produce the hard surface, namely carburizing, nitriding, cyaniding, 
and surface heating. 

In the carburizing process (pack-hardening) the low-carbon steel is 
packed in a carbonaceous material such as coke or graphite and sealed in 
a box with a small amount of oxygen. The box is then heated to from 
1600 F to 1800 F. Carbon is slowly absorbed into the surface, and when 
the desired penetration has taken place, the part is removed from the 
packing. 'I'he small amount of oxygen in the box acts as a carbon carrier, 
carrying carbon from the packing to the steel surface. It first combines 
with the carbon to make CO, which in turn comes in contact with the 
steel, where the oxygen gives up the carbon and returns for more carbon. 

The hardening can be accomplished either by quenching immediately 
upon removal from the pack or by reheating and quenching. Since the 
case is high-carbon and the core is low-carbon steel, the case will become 
hard and the core will remain ductile and shock-resistant upon quenching. 
Ihc depth of case generally varies from in. to in., since a thinner 
case may lack a uniform thickness and since there are few applications 
for a thicker case. Heating jieriods vary from 6 to 30 hours, depending 
u})on the depth of case .specified. 

In the nilriding process, steel is maintained at temperatures from 
900 I' to 1100 1 ' in an atmosphere of ammonia gas for periods varjdng 
from 20 to 100 hours. If it were not for the excellent results obtained 
by this j>rocess, the time would be excessive. The properties of case- 
hardness and of wear-resistance surpass those obtainable by any other 
method. Nitrogen also makes steel so resistant to corrosion that nitrided 
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steel can replace stainless steel in many uses. The tendency to warp is 
lessened because of the relatively low temperatures, and the depth of 
penetration is comparable to that obtained by carburization. High- 
carbon and alloy steels which would harden beyond the case in other 
methods can be used, since the temperatures are low and no heat-treat¬ 
ment is necessary. 

A nitrided case cannot be softened by annealing, but it may be 
softened with some difficulty by denitriding. Denitriding is done by 
continued heating at 1800 F or by immersion in a fused bath of potassium 
chloride and either sodium carbonate or sodium chloride at 1500 F 
The heating at 1800 F slowly decomposes the nitrides. 

A thin, uniform case of from 0.002 in. to 0.020 in. in depth can be 
rapidly attained by the cyanidmg process. The hardening is attained by 
immersing the steel part in a molten cyanide salt bath at 1600 F to 1800 F, 
or by first heating the part and then placing the dry salt on the surface 
to be hardened. By use of the dry salt, the hardening can be localized. 
Since the formula of the cyanide ion is CN, the process is actually a 
combination of nitriding and carburizing. Cyaniding has the advantage 
of rapidity and hardness, but the case is thinner than that obtained by 
other methods. This disadvantage is not serious in many applications, 
since the part will be ruined before the case has worn through. 

Dispersion-hardening. Dispersion hardening is the formation of 
hard particles in a soft matrix. Spheroidized cementite is an example of 
dispersion-hardening, although the greatest use of the process is in making 
tool bits. 

Other methods of surface hardening. Surface hardening can be 
accomplished by heating and quenching the surface only. This can be 
accomplished by the use of induction and flame-hardening furnaces, 
which will be discussed in a later chapter. 

Mass effect. The cooling rate in the interior of a large piece of steel 
is less than that on the case, thus making a softer core. Since a limit 
exists to the rate at which the steel can transmit heat, no matter how fast 
the quenching medium is, the cooling rate in the interior is limited. 

TTT-curves. In the past few years the TTT-curves (S-curves) have 
been developed to a point of great usefulness in designing a heat-treat¬ 
ment for a given piece of steel and for a specified result. These curves 
can be used to establish the heat-treatments of normalizing, annealing, 
spheroidizing, hardening, martempering, and austempering. The dia¬ 
gram, developed by E. C. Bain and E. S. Davenport, is an isothermal 
transformation diagram which shows the time, temperature, and trans- 

4 

formation relationships. 
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Figure 7-9 shows a typical TTT-curve for carbon-steel. The ordi¬ 
nates are temperature, and the abscissas are time on a logarithmic scale. 
Figure 7-9 consists essentially of two curves; the one on the right shows 
the beginning of austenitic transformation and the other shows the end 
of austenitic transformation. The horizontal distance between the 




( urves shows the time for isothermal transformation. Each composition 
of steel must have a diagram. 

1 he 1 1 r-curve shows dearly what happens when quenching mediums 
of various cooling rates are used. Assume that the lines A, B, and C 
represent the time-temperature cooling characteristics of three different 
(luendiing mediums. Curve -1 reaches low temperatures so fast that it 
does not touch the beginning transformation curve until about 425 F. 
I he transformation then begins at that point and continues for about 8 
seconds until it is 100^';, marten.site. 
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Curve B represents a slower quench, one slow enough so that trans¬ 
formation starts to take place at 11 lo F. At about 890 F, transformation 
stops. About 30% of the steel has by then become sorbite (very fine 
pearlite). From that point, cooling without transformation continues 
to a temperature of about 430 F. The transformation then continues 
for about 80 seconds until the remaining 70% has become martensite. 
The cool steel would be 30% sorbite and 70% martensite. 

Curve C represents a still slower quench, in which the transformation 
starts at 1210 F after about 8 seconds. It continues for about 15 seconds 
until a temperature of about 1140 F is reached, where the steel is 100% 

fine pearlite. 

A study of the diagram will show that isothermal quenching can 
produce grains that ordinarily require hardening and tempering opera¬ 
tions. Suppose the cooling of the steel as shown by curve A were arrested 
at about 515 F and maintained at that temperature for some time 
(curve D). After about 120 seconds, transformation would start and 
continue for some 3000 seconds. The final product would be bainite, 
which has an acicular appearance similar to that of martensite, but it is a 
much tougher steel. This process is known as austempering. Quenching 
temperatures of 350 F to 400 F are usual for martempering, which produces 
tougher and softer steel than martensite, that is, a tempered martensite. 



4ARY AND DEFINITIONS 


It is necessary to form austenite before heat-treatment can be accom¬ 
plished. (See Fig. 7-8 for a summary of heat-treatments.) 

Martensite is the decomposition product of austenite made by very 
fast cooling. It has an acicular pattern. 

Troostite is a stage between martensite and sorbite having an ex¬ 
tremely fine pearlitic structure. 

Sorbite is made by using a fairly high tempering temperature. It 
has a grain structure much like pearlite but finer. 

Hypoeutectoid steel is annealed steel having an excess of ferrite and a 
carbon content less than 0.85%. 

H5rpereutectoid steel is annealed steel having an excess of cementite 
and a carbon content greater than 0.85%. 

Primary constituents are various decomposition products of austenite. 

Secondary constituents are the various tempering products of 
martensite. 

Spheroidized cementite is spherical cementite particles imbedded in a 
matrix of ferrite. It is made by prolonged heating just under the lower 
critical point. 
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Full annealing is the heating of iron alloys to just above the upper 
critical temperature, followed by very slow cooling. Its purposes are: 

fi) To relieve internal stresses 

(2) To refine grain .structure 

To soften for easier machining. 

Normalizing is the heating of iron alloys above the upper critical 
temperature and holding them there until they are 100% austenite, 
followed by a still-air quench at room temperature. 

Carburizing is case-hardening by adding carbon to the surface for the 
purpose of obtaining a harder surface by heat-treatment. 

Cyaniding is case-hardening l>y the absorption of carbon and nitrogen 
by steel, followed by fast quenching. 

Nitriding is case-hardening by the absorption of nitrogen from 
ammonia gas at elevated temperatures. 

Dispersion hardening is the formation of hard particles in a softer 
matrix. 

Mass effect is the eflect of mass upon the cooling rate of the interior 
of a piece of metal. 

TTT-curve is a curve showing the relationship between time, tem- 
f)erature, and transformation. 

Austempering is the lowering of the temperature of austenite to a 
point above that where martensite would form. The transformation is 
allowed to take place isothermally. 

Bainite is a product of austem])ering having an appearance similar to 
martensite, but it is tougher. 

Martempering is isothermal transformation at ,^50 V to 400 F. A 
material resembling martensite, but less brittle, is formed. 


Fkohlkms 

1. Name the solid phases of steel. 

2. What are primary and secondary constituents? 

3. What arc the j)urposes of annealing? 

Where is normalizing used? 

Discuss the merits of carlmri/ing. cyaniding, and nitriding. 

Describe the elTect upon annealed steel of increasing carbon content. 

What are the general trends in proi>erty changes as the tempering 
t c m I )c ra III res i nc rease ? 

8. What is tlie purpose of sjilieroidizing steel? 

9. I)i-siril,e cniplelely tliu dian-es that take pkue al....- the line H in 
I'lg. 7 - 0 . 

10. How may the grain si/e be enlarged during annealing? 


4 - 

5- 
6 . 

7 - 
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11. How may the completion of the change to austenite be determined? 

12. Describe the effect of mass in the heat-treatment of steel, 

13. What is meant by isothermal transformation? 

14. Name five machine parts using case-hardening. 

15. How is bainite formed? 

16. Of what practical use is a TXT- or S-curve? 
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Chapter 8 

FERROUS METALS AND ALLOYS 


The ranges and combinations of the properties of the ferrous metals 
have been tremendously enhanced by the use of alloying metals. In 
order to make an intelligent choice of metals, a machine designer must 
know the general effects of the alloying metals upon iron and steel, and 
also how to specify the metal he wants. 


Steel classifications. There arc several methods of classifying steel 
and steel alloys; each is based upon certain characteristics. Some of 
these characteristics are chemical composition, physical properties, uses, 
manufacturing method, grain size, and heat-treatment. In general, 
several classifications should be used to specify a steel completely. 

S.A.E. classification. The chemical composition of steel should be 
known in order to specify a heat-treatment; the properties of a metal 
depend upon the percentage of alloys present. The Society of Automo¬ 
tive Engineers has devised a widely accepted classification which indicates 
the approximate percentages of the major alloys present. An S.A.E. 
number actually puts limits on more elements than those indicated by 
the number. These limits can be found in S.A.E. tables in the hand¬ 
books. Each digit of the S.A.E. number tells something about the 
composition. The first digit indicates the major alloys in the steel, and 
the second digit gives the approximate percentage of the predominant 
alloy. In some cases where the percentage of the predominant alloy is 
over i , the second and third digits indicate the percentage, but these 
(ases arc almost self-evident. The last two or three digits indicate the 
percentage or ‘'j>oints’’ of carbon. For example: 

S.A.E. 2340 is nickel-steel containing about ^ nickel and 0.40% or 
40 points of carbon. 

S.A.i'>. 11660 is tungsten-steel containing about tungsten and 
o.()O^V of carbon. 

A.S.T.M. classification. I he A.S/r.^I. (American Society of Testing 
Materials) classification classifies by physical properties. Each class is 
given a number, by which the tensile strength, the >’ield point, the per- 
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centage elongation, and the limits on phosphorous and sulphur are 
specified. This classification may be found in the A.S.T.M. Standards. 

Other classifications. Many times steel is classified by the manu¬ 
facturing method, such as open-hearth steel, electric steel, or crucible 

steel. 

The A.S.T.M, has constructed an arbitrary set of standards for 
specifying grain size. These standards can be found in the A.S.T.M. 

Standards. 

Steels are often classified by uses, such as structural steel, tool steel, 
and machine steel. 

Carbon-steels. Carbon-steel is one of the most versatile of all 
alloys. Its properties can be varied by changing any one of the following 
factors: 


(1) Carbon content 

(2) Heat-treatment 

(3) Amount of impurities 

(4) Mechanical treatment. 

Since each of the factors has a large effect upon the properties, all factors 
should be closely controlled. The properties of a given steel can be 
determined by test, by manufacturer’s data, or by use of the handbooks. 

The following is a tabulation of approximate ranges of some properties 
of carbon-steel: 


Tensile strength 
Elongation 
Brinell hardness 
Endurance limit 
Modulus of elasticity 
Modulus of rigidity 


42,000 to 280,000 psi 

O to 35 % 

80 to 490 

30,000 to 110,000 psi 
30,000,000 psi for all steels 
12,000,000 psi for all steels 


Alloy steels. Alloy steels are steels whose properties are affected by 
the addition of elements other than carbon. They derive their names 
from the alloying elements. Thus if the alloying element is nickel, the 
steel is called a nickel-steel. If one element besides carbon is added, the 
alloy is classed as a ternary alloy; if two are added, it would be a quaternary 
alloy. The following is a list of the more important steel alloys: 


Ternary Alloys 
Nickel 
Silicon 
Manganese 


Quaternary Alloys 
Chrome-nickel 
Chrome-vanadium 
Chrome-molybdenum 
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Tcrnarv Allo\s 

w * 

Chromium 

\’anadium 

Molybdenum 

Tungsten 

Copper 


Quaiernary Alloys 
Chrome-tungsten 
Chrome-silicon 
Manganese-silicon 
Aluminum-chromium 


Effects of alloying, d'he alloying elements may act in several ways: 
fi) Accelerate or retard transformations. 

(2) Form constituents or compounds that give the elements special 
properties. 

Act as scavengers. 


It is useful and instructive to classify the alloying elements according 
to their effects upon steel. Such a classification follows: 


(i) Elements that strengthen ferrite: 



Nickel 

Chromium 


Manganese 

Aluminum 


Silicon 

Cobalt 

(2) 

Elements that form carl)i<les: 



Molybdenum 

Tungsten 


Chromium 

Manganese 


Vanadium 


(.0 

fdements that remove o.xides: 



Aluminum 

Silicon 


\'anadium 


U) 

Elements that free graphite. 



Nickel 

Silicon 


by using such a classification, it 
effect of adding an alhtying element, 
occur in more than one class. 


is possible to predict some of the 
Notice that the same clement may 


Nickel. Nickel has several beneficial effects upon steel: it strengthens 

the ferrite, lowers the c ritical range, lowers the eutectoid percentage of 

tarbon, and iiu reuses the dillerence between the rising and falling critical 

temperatures. I he lower critical temperatures make it possible to heat- 

treat at lower temperatures; thus the tendency to crack and to warp is 

reduieil. I his ellect is increased by the fact that the addition of nickel 

lowers the })ercentage ol carlion necessary for hardening. Lower-carbon 

steel.s have greater ductility and can therefore adjust themselves to 

uneven stresses more easily. Nickel-steel is stronger and tougher than 
carbon-steel. 
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Fig. 8-1. Guillet’s diagram showing the in¬ 
fluence of the percentage of nickel uj)(>n the critical 
temperature of steel. 


Nickel dissolves in ferrite in all proportions, making it possible to 
obtain a great variety of alloys. The most common nickel-steels contain 
from 1% to 5% nickel and 0.2% to 0.50% carbon, but steels containing 
25% to 45% nickel are made because of their special properties. The 
addition of nickel lowers the critical range upon cooling, until at about 
25% nickel the critical temperature is below room temperature for all 
percentages of carbon. Figure 8-1 shows Guillet’s diagram, which indi¬ 
cates the influence of the percentage of nickel on various constituents 
which may be obtained as stable products at room temperature. As the 
percentage of nickel increases, 
the critical temperature de¬ 
creases, until at about 25% it 
is below room temperature. 

This influence of nickel makes 
it possible to obtain austenitic, 
martensitic, and pearlitic steel 
without quenching. For ex¬ 
ample, a 0.7% carbon-steel 
will have a pearlitic structure 
on slow cooling between 0% 
and 6% nickel content. If 

the nickel content is between 6% and about 14%, the steel will be 
martensitic; above 14%, it will be austenitic. It is possible to cause a 
transformation of the austenitic steel by cooling it below^ room tempera¬ 
ture in freezing units. 

Austenitic steels have a high resistance to corrosion and are fairly 
tough. The martensitic nickel-steels are little used because of their 
brittleness. 

% 

The general properties of nickel-steels are; high tensile strength, 
hardness, high elastic limit, good ductility, high resistance to corrosion, 
and low coefiicient of heat expansion. Low-nickel steels (0.5% to 5% Ni) 
are used for structural purposes, armor plate, and automobile crank¬ 
shafts. The high-nickel steels have a variety of applications because of 
the low coefficient of expansion and the high resistance to corrosion. 
Imar (36% Ni) is used for the best steel tapes and other length standards, 
since at that nickel content the coefficient of expansion is practically zero 
within normal temperatures. Platinite, which has a coefficient of heat 
expansion equal to that of glass, has been used to replace platinum for 
sealed leads through glass, such as in radio tubes and electric light bulbs. 
Other applications of high-nickel steel alloys are high-temperature- 
resistance wire, steel of special magnetic properties, and many more uses. 
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Nickel-steels can be easily surface-hardened by carburizing and by 
nitriding. 

Chromium, Chromium added to steel strengthens the ferrite, forms 
extremely hard carbides, and greatly increases the resistance to corrosion. 
It lowers the cooling critical temperature and raises the heating critical 
temperature. The solubility of chromium is limited in gamma iron, and 
(hromium-stecls harden more deeply than plain carbon-steels. In gen¬ 
eral, chromium-steel is very' hard, has a high tensile strength upon 
quenching, and an elastic limit near the tensile strength. It has a low 
ductility, but this makes little difference since the elastic limit is so near 
the ultimate strength. 

Up to 0.5% chromium increases hardenability and toughness, and 
reduces grain size. It causes deeper hardening because it slows up the 
transformation process. 

From 1% to 2% chromium makes c.xtrcmely hard, complex carbides 
which impart the property of great resistance to wear. These steels are 
used for ball bearings, chisels, high-speed drills, and dies. 

Steels containing about 4^^ chromium and some tungsten and molyb¬ 
denum are used for high-speed cutting tools. They retain much of their 
strength at high operating temperatures. 

P rom 4 to 149 c chromium gives steel a high resistance to corrosion. 
It resists even the action of nitric and sulphuric acids and is one form of 
stainless steel. 


Manganese. Manganese resembles nickel since it forms a solid 
solution with iron and lowers transformation temperatures. Since 
manganese-steel Hows easily, it is used to make sound castings even 
though the shrinkage is large. 'I'he surface of a manganese casting is so 
hard that it must be ground. 

A small amount (0.2% to 0,5%) of manganese is often added to steel 
to counteract the etiect of sulphur. Additions up to 2 ^'c niay be added to 
low-carbon steels to improve machinability, ductility, and strength. 


Prom to 149© manganese makes an austenitic steel of great 

hardness, strength, and toughness. It is therefore used for grinding and 
crushing machines and for tires on railway wheels. 

Tungsten. 1 he most usual tungsten-steels contain from 0.2% to 
carbon and from to io^() tungsten. The tensile strength and 
elastic limit are high, but the ductility is low. Upon rapid cooling from 
high temperatures, extremely hard tungsten carbides form. Because of 


the carbide })articles and because tungsten-steel retains its hardness at 


1000 F, tungsten-steel 
Steel containing 4^'^ to 


makes good cutting tools for extreme feeds, 
tungsten is used for magnets. 
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Some austenite is entrapped when tungsten-steel is quenched, but it 
is unstable at tempering temperatures and changes to martensite on 
tempering. Tempering therefore increases the hardness in a process 
called seco^idary hardening. 

Tungsten as an element has a tensile strength of about 600,000 psi 
and a very high melting point. It is useful for electric light filaments. 
Because of the high melting point, special refining methods are used. 
The oxide is reduced by hydrogen gas to a powder, which is compressed 
into two-foot-long bars having a one-inch square cross section. A high 
electric current is then passed through the bar, causing the temperature 
to rise to a point where the powder grains will coalesce without melting. 
The bars are then hammered at about 2800 F to remove the brittleness 
and to form the desired shape. 

Molybdenum. Molybdenum is very similar to tungsten in its effects 
on steel, although smaller amounts are needed to obtain the same prop¬ 
erties. For this reason, it is used to replace tungsten in cutting tools, 
but some tungsten must be used. It has the disadvantage of having to 
be heat-treated in a reducing atmosphere, whereas tungsten-steel does 
not. About 1% of molybdenum replaces 2% to 3% of tungsten, but 
this gain is somewhat offset by the higher cost. 

Up to 1% molybdenum gives steel a high tensile strength and elastic 
limit with only a slight reduction in ductility. It also reduces creep. 
From 4% to 9% molybdenum is used in tool steel. Molybdenum is also 
used in cast iron to reduce the sizes of the graphite flakes, thereby making 
more continuity in the iron matrix. 

Vanadium. Although vanadium has a high cost, it has a more pro¬ 
nounced effect upon steel than any other element except carbon. It 
helps to remove oxides and forms hard carbides. Only comparatively 
small amounts of vanadium can be used without producing adverse 
effects; o. I % to o. 2 % gives the bek results. Over 0.3 % causes a decrease 
in tensile strength. From 0.1% to 0.15% increases the tensile strength 
of low- and medium-carbon steels about 50% with no increase in brittle¬ 
ness. The tensile strength of 0.8% carbon-steel is not changed by the 
alloying of about 0.2% vanadium, but the elastic limit and ductility are 
increased. This steel is used for forgings, castings, axles, springs, 
wrenches, gears, and some instrument work. 

Silicon. Silicon strengthens ferrite, removes oxides, and makes free 
graphite. Small amounts of combined carbon (cementite) cause residual 
magnetism in steel with the attending losses in electrical machinery. 
The addition of about 3 . 5 % of silicon to low-carbon steel drives all the 
carbon out of combination to form free graphite. Silicon increases the 
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tensile strength and elastic limit without decreasing the ductility. Steel 
containing about 30^ silicon resists acids. 

Copper. The addition of from 0.01% to 0.30% copper to a steel 
allov increases the resistance to corrosion but has little effect otherwise. 

Chrome-nickel. Nickel strengthens ferrite; chromium makes car¬ 
bides; and both reduce the critical temperatures. Therefore, it is possible 
to get several beneficial effects. Chrome-nickel steels usually contain 
from o.30^;( to 2.0% chromium, from 1% to 4% nickel, and from 0.10% 
to 0.60'^ carbon. They have high tensile strength, great toughness, 
high elastic limit, good wearing ciualities, and are easily forged and heat- 
treated. They show great resistance to fatigue and impact. Chrome- 
nickel steels may be called the best all-around steel alloy. 

Some austenite is entrapped when the metal is quenched. The 
austenite changes to martensite upon cold-working; as a result, the elastic 
limit is nearly doubled, and the hardness is greatly increased. The cold¬ 
working action of center punching and drilling makes very hard spots in 


chrome-nickel steels. 

Chrome-vanadium. Chrome-vanadium steels are similar to those 
containing chromium and nickel in their properties and uses. They 
generally contain from 0.50% to 1.50% chromium, from 0.15% to 0.30% 
vanadium, and from 0.15^, to i.io% carbon. 

Chrome-molybdenum. This steel also is similar to chromium- 
nickel steels. The usual composition is 1.0% ma.ximum of molybdenum, 
from 0.50^^ to 1.5% chromium, and from 0.15% to i.o^ carbon. 

Chrome-silicon. These steels have a variety of outstanding prop¬ 
erties, depending upon the composition. They may have high resistance 
to corrosion (particularly at high temperatures), machinability, and 
hardness. They make good valves for internal combustion engines. 

Phe usual ranges of the alloying elements are from 5.0% to 18.0% 
c hromium, from i.o^; to 4.0^^ silicon, and from 0.10^ to 1.10% carbon. 

Aluminum-chromium. 'Fhe tensile strength of this steel in the 
annealed state may be c^o.ooo |>si with an elongation of 3o'r<- ^^^len the 
steel is heat-treated, the tensile strength may be as high as 200,<000 psi, 
with an elongation of 11^^. .\luminum-chromium steel readily absorbs 
nitrogen, making a surface hardness as high as 1100 Brinell, compared 
to O50 maximum lor carbon-steel. It is sold as Nitralloy and is used for 
c am.^, gages, and bushings. 

Cast irons, ('ast iron is an iron alloy containing from 3 . 5 ''o fo 4 % 
carboin with varying amounts of silicon, sulphur, phosphorous, and man¬ 


ganese. ('opper, nickel, vanadium, chromium, or aluminum are often 
added to give special properties. 


Cast iron is divided into two classes: 


white iron and gray iron. 
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White iron. When all the carbon in cast iron is in the combined 
form, the metal has a white metallic appearance. It is therefore called 
white iron. The structure is pearlitic with a large excess of cementite, 
hence it is very hard and brittle. Almost the only commercial use for 
white iron is the making of malleable iron. It has a tensile strength of 
45,000 psi, a Brinell hardness of 150, and zero elongation. 

Gray iron. If a casting cools sufficiently slowly, the silicon in the iron 
drives some of the carbon out of combination to make flakes of graphite 
whose diameters vary in size from microscopic to one-eighth inch. The 
matrix for the graphite becomes pearlite and free ferrite. The strength 
of gray iron depends upon the condition of the matrix; if it has a large 
percentage of pearlite and is continuous, it will be strong. The flaky 
graphite makes gray iron easily machinable. It has a tensile strength of 
30,000 psi, a Brinell hardness of 150, and practically zero elongation. 

Malleable iron. Malleable iron is white cast iron that has been 
annealed from 50 to 150 hours. White iron must be used since combined 
carbon changes to an amorphous carbon during annealing, and forms 
tiny particles in a continuous matrix. The continuous matrix causes a 
stronger and tougher material. The properties of malleable iron are 
similar to those of cast steel, but since white iron pours easily, it makes 
sounder castings. Malleable iron has a tensile strength of 40,000 
psi, a Brinell hardness of 100, and an elongation of 1% to 10%. It is 
machinable. 

Alloy cast irons. The effects of adding nickel or chromium to cast 
iron depend largely upon the other ingredients present, especially upon 
the amount of graphite and combined carbon. 

Nickel hardens the iron without reducing its machinability. The 
strength remains about the same, but the grain structure is refined. 

Chromium increases the hardness, the resistance to acid corrosion, 
and the depth chill in chilled sections. Cast iron is chilled to make some 
parts harder than others. This is done by placing iron in the mold so 
that heat will be carried away faster at that point. The fast cooling 
keeps the carbon in the combined form, thus making spots of hard white 
iron. 

A combination of nickel and chromium will produce a machinable 
casting of high strength and hardness if all the ingredients are closely 
controlled. 

Definitions and Summary 

Factors governing the properties of carbon steel: 

(1) Carbon content 

(2) Heat treatment 
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(3) Impurities 

(4) ^fechanical treatment. 

Ternary alloy steel is one containing one alloy besides carbon. 
Quaternary alloy steel is one containing lu'o alloys besides carbon. 
Alloying elements may act as follows: 

(1) May accelerate or retard transformations. 

(2) May form constituents or compounds that give the metal special 
properties. 

(3) May act as scavengers. 

Secondary hardening is the transformation of entrapped austenite 
to martensite at tempering temperatures. 

Problems 

1. List some bases for classifying steels. 

2. Upon what factors do the properties of carbon-steel depend? 

3. Discuss and compare white iron, gray iron, and malleable iron. 

4. How do alloying elements affect steel? 

5. How are alloy steels named? 

6. List the effects of several alloying elements upon steel. 

7. List some uses for each of the steel alloys mentioned in this chapter. 

8. Explain how austenite may be obtained at room temperature. 

9. What is secondary hardening? 

10. Describe how chilling is obtained and tell the reasons for chilling. 





Chapter 9 

NON-FERROUS METALS AND ALLOYS 


Non-ferrous metals have lately become of great importance because 
research has produced cheaper manufacturing methods and alloys with 
pronounced properties. Research must still be done to find alloys which 
will give the best combination of properties for special work. The only 
metals used extensively as elements are copper, aluminum, and lead. 

Hardening of elements. Elements cannot be hardened by heat- 
treatment as is done in the case of alloys. Hardening by heat-treatment 
is due to the transformation of solid solutions to other constituents. 
Such a transformation is impossible in an element since there is no solid 
solution. Elements can be work- (strain-) hardened by rolling, drawing, 
or hammering. Work-hardened materials can be softened by annealing. 

Copper. Copper, whose specific gravity is 8.94, is used in the pure 
form for electrical conductors and for special applications requiring cor¬ 
rosion-resistance, It is used as the base for brass, bronze, and several 
other alloys. 

Copper must be extremely pure (99.9%) for electrical purposes, but- a 
lower purity is allowable for castings. Small amounts of impurities 
greatly increase the electrical resistance. Copper corrodes rapidly 
and becomes brittle at high temperatures because of absorbed oxygen; 
at room temperatures a film of oxide forms to shield the remainder of the 
material. 

Hard-drawn copper may have a tensile strength of 68,000 psi, a 
Brinell hardness of 100, and an elongation of 4%. In the annealed state, 
the tensile strength could be 33,000 psi, Brinell'hardness 50, and the 
elongation 75%. 

Nickel. Nickel is a heavy (sp. gr. 8.7), silvery-white metal which 
has a high resistance to corrosion. It is made commercially pure for 
parts needing corrosion-resistance and for plating purposes, but it is most 
often used as an alloy with steel and copper. Nickel’s high resistance to 
corrosion is due mainly to its high polish. 
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Zinc. Zinc is a weak, bluish-white metal with a specilic gravity of 
about 7.T. Commercially pure zinc is used for galvanizing (coating iron 
and steeH and for die-castings. It is also used as an alloying element in 
die-casting alloys, brass, and bronze. 

The strength of zinc varies from 7,000 psi to 25,000 psi, depending 
upon the grain size and the amount of strain-hardening. Zinc as an ele¬ 
ment is susceptible to creep at room temperatures, and the effect increases 
rapidly for small increases in temperature. 

Tin. I'in has a silver>'-white appearance and a specific gravity of 6. 
Us tensile strength may be as high as 4000 psi under direct stress, but it 
creeps at rt)om temperatures under slowly applied loads. Tin is highly 
resistant to corrosion and is used as a coating for steel, particularly 
for canned food containers. It is very ductile and can be rolled into 
extremely thin sheets known as tin foil. Tin is an important alloy in 
bronze and bearing metals. 

Lead. Lead is one of the heavier commercially used metals, having a 
specilic gravity of 11.33. is resistant to corrosion by sulphuric acid 
and is opaque to X-rays. It has a tensile strength of about 2000 psi and 
it creeps at room temperature at about 500 psi. Structurally, lead is 
used for pipes, tank linings, weights, and X-ray rooms. It is used in 
storage batteries and as a base for paints. Lead is added to brass to 
improve its machining qualities and is used as a base for bearing-metal 
alloys. 

Antimony. This is a hard, brittle metal of low tensile strength which 
is used in bearing alloys, such as babbit, to give hardness. 

Bismuth. Bismuth is a brittle, reddish-white metal which is used in 
bearing alloys. 

Cadmium. Cadmium is a silvery-white, weak, soft metal whose 
main application is for plating other metals to create resistance to salt¬ 
water corrosion. 

Chromium. This metal is used to make a hard, corrosion-resistant 
surface by electroplating. Because of its high polish, it is used for 
decorative plating on automobile and marine hardware. It can also be 
used to l)uil(l up worn parts, such as gages, cutting tools, and pistons. 

Magnesium. Magnesium is the lightest of the commercial metals, 
with a specific gravity of 1.74. Its use has become highly important in 
(he airplane industry in alloy fonn. Weight for weight it compares veiy 
favorably with other metals in strength. It is now being used for 
bicycles, pruning shears, and wheel-barrows. ^Magnesium bums yQvy 
rajiidly if sulTicicnt oxygen is present, as in the powder fonn, so it is used 
for llares and tlasli-bulbs. 
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Aluminum. The popularity of aluminum and its alloys depends upon 
its light weight (sp. gr. 2.7), resistance to corrosion, strength, and case of 
forming. Aluminum shapes can be cut, rolled, forged, drawn, and 
extruded with considerable ease. It is a good electrical conductor (the 
best on a weight basis) but it is seldom used because of the necessity for 
large fittings. 

Annealed aluminum has a tensile strength of 14,000 psi, a Brinell 
hardness of 25, and an elongation of 40%. Work-hardening may double 
the tensile strength with a great decrease in ductility. 

Cobalt. Cobalt is similar to nickel in appearance and properties. 
From 1% to 12% is used in high-speed steel to make a lasting edge, and it 
is used in the manufacture of alnico magnets. 

Timgsten. Tungsten is a very heavy metal with a specific gravity of 
19.3. If properly treated, it is very strong and ductile. Its high melting 
point (6150 F) makes it ideally suitable for lamp filaments and contact 
points. About 95% of the tungsten in this country is used in steel for 
high-speed tools and dies. 

Tantalum. Tantalum, like tungsten, is a heavy, high-melting-point 
metal which is used mainly in alloys for cutting tools. 

Non-ferrous alloys. A tremendous number of non-ferrous alloys 
have been developed for special purposes. These alloys are responsive to 
various heat-treatments which depend upon the formation and transfor¬ 
mation of solid solutions. Many of the non-ferrous alloys have very' 
complicated constitutional diagrams because of the formation of inter- 
metallic compounds. These compounds make a variety of solid solu¬ 
tions. Such diagrams are too complicated for thorough study in this 
book. 

Brass. Basically, brass is an alloy of copper and zinc. Zinc dissolves 
in copper in both the solid and liquid states. The possibility of forming 
six different solid solutions exists. Brass containing over 50% zinc is so 
brittle that it is unusable. Thus only a, jS, and a combination of a. and /3 
solid solutions are feasible. Alpha brass ranges from 0% to 39% zinc; 
OL and j 3 from 39% to 45.5% zinc; and P brass from 45 - 5 % to 5 ^%- 

The ot phase has a relatively high tensile strength and is ductile. This 
brass cannot be hardened except by cold-working and the only heat- 
treatment is annealing. Annealing at temperatures above the recrys¬ 
tallization temperature (1100 F to 1200 F) relieves residual stresses, and 
recrystallizes the brass into fine grains which may grow rapidly with time 
and with increased temperature. It restores the original conditions 
within the brass. 

The strength of brass increases and the ductility decreases as the zinc 
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c ontent increases to about 45%, after which there is a rapid falling off of 
st rength. 

Cold-worked brass is subject to season cracking. Owing to residual 
internal stresses, the brass may crack and cause failure at any time with¬ 
out warning, even under no-load conditions. This trouble may be elim¬ 
inated by a light anneal at between 500 F and 800 F. 

The usual brasses contain about 67% copper and 33% zinc. These 
alloys have good resistance to corrosion, as well as good finish, good cast¬ 
ing qualities, and machinability. About 3% lead may be added to 
make brass more machinable. The strength of brass compares favorably 
with that of mild steel, but the cost is much higher. 

Several special brasses contain other alloys. Aluminum increases 
the tensile strength and hardness but decreases the ductility. Manganese 
gives high tensile strength and toughness with ease of casting. The 
following table gives the constituents of various special brasses and their 
characteristics: 


Xante 

Elements 

Percent 

Characteristics 

Manganese-bronze 

Cu 

50 

Tensile strength 75.000 psi; ease 


Zn 

. 30 

of casting; resistance to salt¬ 


Mn 

0-5 

water corrosion 


Fe 

0.8 



Pb 

0.7 


Free-cutting brass 

Cu 

62 

Free cutting 


Zn 

35 



Pb 

3 


Nickel-silver 

Cu 

60 

Ciood appearance; corrosion- 


Zn 

-’5 

resistant 


Ni 



'tobin-bronze 

Cu 

60 

High tensile strength; resistance 


Zn 

30.25 

to salt-water corrosion 


Sn 

0-75 



The bronzes in the above table are not actually bronzes but brasses. 
An effort has l)ecn made to change the names to brass, so at present both 
names are in use. 


The regular l)rasses are generally broken up into groups having the 
names: low brass, cartridge brass, and Muntz metal. Line brass contains 
Irom 1% to 25^,', zinc and has the appearance of gold. It is therefore 
used extensively for iia-xjjcnsive jewelry. Low brass can be hammered 
and forged easily at room temperatures. Cartridge brass contains from 
about 25% to 38*^ ( zinc and it can easily be cold drawn and spun at room 
temperatures. It is used lor tvd)es. sheets, and special shapes. Munts 
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metal contains from 39% to 45% zinc and it may be hot-worked even 
when it contains large percentages of lead. 

Bronze. Bronze is essentially an alloy of copper and tin, but other 
elements are often added to produce certain properties. Bronzes as a 
group are ^harder, stronger, and less ductile than brasses. Because they 
have high resistance to salt-water corrosion, they are used for marine 
hardware. 

Bronze is an excellent bearing metal. Bearing-bronze structure con¬ 
sists of hard particles in a softer and more plastic matrix. The hard 
particles provide the wearing quality, and the matrix provides the 
plasticity necessary for bearings to take the shape of the journal. The 
matrix may be further softened by the addition of lead. It should be 
porous to allow oil penetratiofi into the bearing surface. 

Bronze has its greatest strength when over 80% copper is used. If 
less is used, the strength lowers rapidly. The ductility is maximum at 
4% tin and practically zero at 25%. The strength and ductility of 
bronze can be improved by heat-treatment. 

Gun'fnetal bronze^ which contains about 90% copper and 10% tin, is 
the strongest of all bronzes. 

Machinery bronze, the hardest of the bronzes, contains from 8 t% to 
87% copper; the remainder is tin. 

Phosphor-bronze contains about 89.4% copper, 10.5% tin, and 0.1% 
phosphorous. It makes a very strong metal with a tensile strength of 
105,000 psi. A small amount of phosphorous acts as a deoxidizer, but 
if any unoxidized phosphorous is left over, it forms hard compounds. 

A common type of bronze contains 88% copper, 10% tin, and 2% 
zinc. It has a tensile strength of 35,000 psi and an elongation of 25%. 
10% to 40% lead added to bronze greatly increases its plasticity for 
bearings. 

Silicon-bronze has many of the properties of phosphor-bronze. How¬ 
ever, the silicon does not harm the electrical conductivity, as does phos¬ 
phorous. The silicon is a, deoxidizer. 

Precipitation-hardening. There are several alloys, such as beryllium- 
copper and duralumin, which can be hardened by precipitation-harden¬ 
ing (age-hardening). A study of a Case IV equilibrium diagram is 
necessary for an understanding of this method of hardening. Figure 9-1 
shows a typical Case IV diagram. The line CD indicates that a decrease 
in the solubility of B in a solid solution occurs with a decrease in tem¬ 
perature. This decrease is a necessity for precipitation-hardening. 

The process consists of heating an alloy of composition M above the 
line CD, and holding it there until the equilibrium conditions for that 
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temperature have been attained. The equilibrium condition is a single 
phase of a solid solution. The metal is then fast-qiienrhed so that there 
unll he no time for B to separate out as it again crosses line CD. Fast 
quenching produces an unstable condition at room temperature since B 
is entrapped in a supersaturated a. solid solution. 

The actual hardening occurs as B precipitates out of solution. This 
sometimes happens slowly at room temperature, but the usual process is 
to heat the quenched metal to some place below the line CD. Since the 
rate of precipitation affects the properties, the correct aging temperature 
must be carefully chosen. The hardening is caused by the metal B 
straining the a crystals as it separates, and by the particles of metal B 
j)reventing movements between boundaries much as sand might do. 



I IK- 0-1. Case l\’ cooslilution (Hagram showing method of precipitation-hardening. 


Beryllium-copper. This is a lately developed alloy with many 
valuable properties. From to 2.25% berydlium is added to copper 
an<l, upon precipitation-hardening, the strength increases from 60,000 
psi for annealed to 200,000 psi for heat-treated beryTlium-copper. Its 
strength reaches 100,000 psi upon cold-working. It makes excellent 
s]>rings because they hold their shape indefinitely. Odd-shapied springs 
can be formed with precision by holding the material in a form during 
heat-treatment. TTie spring will not alter its shape after the form is 
removed. 

Aluminum alloys. Aluminum makes a light, strong alloy having a 
variety of properties which depend upon the alloying metals and the 
heat-treatment. 


1 he zinc alloy is the cheapest for the benefits derived. Up to 25% 
/ITU can raise the tensile strength from 14,000 psi to nearly 60,000 psi. 
T'lu* metal is easily cast. 

The addition <tl copper up to 8% has somewhat the same effect as 
zinc, but the alloy with cojiper has greater ductility. From 5% to 14% 
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silicon increases corrosion resistance and reduces shrinkage in castings. 
Consequently this alloy is suitable for intricate castings. 

Duralumin. The aluminum alloy containing 4% copper, 0.5':^ 
magnesium, 0.5% manganese, and the remainder aluminum, is commonly 
called duralumin, or 17S. It is the first of the alloys of this type and is 
still used for general applications. Some modifications are possible which 
give special properties at the sacrifice of others. 

It has become common practice to designate this class of alloys by a 
number followed by the letter “ S.” The “ S ” indicates that it is wrought 
rather than cast material. A letter which precedes the number indicates 
that it is a modification of the original alloy. Letters which indicate the 
temper follow the alloy symbol and are separated from the symbol by a 
dash, as 17S-T. “T” indicates that the material is cold-worked; ‘‘O" 

that it is annealed; and “RT” that it is heat-treated. 

The 17S alloys are heat-treated by heating to a temperature of 930 F 
to 950 F; they are then quenched in water. The time taken to remove the 
charge from the furnace and to put it in the water quench should be as 
short as possible. The quench is followed by aging at room temperature 
for about four days, or less time at temperatures up to about 390 F. 
Aging at 212 F requires about 10 hours. The hardening results from the 
precipitation of CuAlo- The fast quench prevents the separation of the 
CuAla which would occur upon slow cooling. An unstable, super¬ 
saturated solution results which will stabilize by the precipitation of 
CuAb if given time. The precipitation can be arrested by cooling to 
32 F or below. Duralumin has a Case constitution diagram, which 

was described in Chapter 5. 

Rolled duralumin may have a tensile strength of 35,000 psi and an - 
elongation of 4%, and aged duralumin may have a tensile strength of 
60,000 psi and an elongation of 20%. Duralumin can be rolled and 
drawn with considerable ease. 

In order to protect the surface of duralumin, it is coated with pure 
aluminum. The aluminum coating forms alloys with the core and pre¬ 
vents intercrystalline corrosion. 

The material is used in structural work requiring lightness, and in 
airplane parts. 

Other aluminum alloys. From 5% about 15% silicon-aluminum 
alloys have good pouring qualities. Such alloys are useful for delicate 



shrinkage. 

Up to about 8% copper hardens and strengthens aluminum as well as 
increases its fluidity. Copper alloys have a greater ductility than the 
zinc alloys. 
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Monel metal. Monel metal is called a natural metal since it is made 
I rom an ore which already contains the correct percentages of the alloys. 

It is mined at Sudbury, Ontario. The composition is 67% nickel, 28% 
copper, and about a 5% mixture of cobalt, iron, and manganese. Monel 
metal is highly resistant to most corrosive agents, and is used for propel¬ 
lers. sinks, parts of valves, and steam-turbine blades. The tensile 
strength may be 70,000 psi to 85,000 psi, with an elongation of 30% to 
5o' <. Cold-working may bring the tensile strength to 130,000 psi, with 
an elongation of 3^‘c io^(. It is a Case II type of alloy and cannot be 

heat-treated other than by annealing, since it is a solid solution at room 
temperature. 

Nickel-chromium. An alloy containing 62^^ nickel, 15% copper, 
and 23^,’c iron has a melting point of 2462 F and a resistance that makes 
it highly suitable for resistance-heating units. It is used in electric 
stoves, Hat irons, and many other appliances. If a higher temperature 
(2550 F) is desired, 8o^,c nickel and 20^^ copper can be used. 

Magnesium alloys. These alloys have extreme lightness and a sur- 
I)rising strength. The aluminum-magnesium alloys are similar to Case 
III, since they have lines of decreasing solubility at each end of their 
(onstitution diagram. Consequently, they can be precipitation-hard¬ 
ened within certain composition ranges. 

One of the more useful of the magnesium alloys is Dowmctals which has 
a comj)osition of 6% aluminum, zinc, under o.59c manganese, and 
about '( magnesium. Castings of this metal are heat-treated by 
raising the temperature to about 725 F and maintaining that temperature 
until the solution is in equilibrium. I'hey are then cooled in the furnace 
by forced draft and are aged at about 350 F. The aging time depends 
upon the |)roperties to be obtained. 

Many other cond)inations of metals have been devised to make special 
alloys, W'ork is being done at the present time on research to find alloys 
having better pro[)erties for the various types of forming, such as drawing 
and extrusion. 

W rought Dowmetal may have a tensile strength of 42,000 psi and an 
elongation of i 2^ <. 'I'he great advantage of magnesium in airplane con¬ 
struction shows up when the strength on a weight basis is considered. 
Cnder this condition, magnesium is nearly twice as strong as some 
alloy steels and is stronger than duralumin. It is now being used for a 
great variety of products, such as bicycles, boats, wheelbarrows, and 
lawninowers. 

Soft metals. Ilf)e(/.v metal and solders are examples of the large 
niitnl)er ol low-melting-point metals. Such metals arc used for fuses. 
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Sprinkler releases, and soldering purposes. The solders generally have a 
large temperature range during which the metal is mushy in order to 
make the handling of the solder easier. These metals generally contain 
some of the following elements: bismuth, cadmium, lead, tin, and anti¬ 
mony. A table of compositions will be found in the Appendix. 

These fusable, soft-metal alloys generally have compositions near the 
eutectic, since that is the lowest melting point. 

Bearing metals. Bearing metals should have the following charac¬ 
teristics: 

(1) Plasticity, so that the bearing can conform to the shape of the 
journal. 

(2) Low friction, to keep the temperature down. 

(3) Ability to accept lubricant, so that it will stay in the bearing. 

(4) Good wearing qualities. 

(5) Good heat conductivity, to carry the heat away. 

(6) High compression strength, so that the bearing will maintain its 
shape under heavy loads. 


Babbitt metal is a tin-base bearing metal having for its composition 
about 90% tin, 5% antimony, and 5% copper. This metal is plastic and 
will not crack easily. The metal becomes progressively harder as the 
percentages of antimony and copper are increased to about 8.5% each. 
The harder metals wear longer but may crack under pounding. Babbitt 
bearings are usually steel reinforced. Babbitt should always have more 
antimony than copper to avoid brittleness. The structure of this metal 
consists of a tin matrix with hard particles of the inter-metallic com¬ 
pounds of copper-antimony and tin-antimony. 

Lead-based bearing metals consist of lead with some hardening ele¬ 
ments added. Baku metal is lead with a small percentage of calcium for 
precipitation hardening. It is a good heavy-duty bearing metal. Other 
lead-based bearing metals contain about 60% lead; the remainder is 
antimony and tin. 

Zinc alloys. Zinc alloys, except the brasses, are used mainly for 
die-casting. These alloys have low melting points (about 720 F), a 
fairly high tensile strength (40,000 psi), and good casting qualities. 
Consequently, they are suitable for die-casting. A typical composition 
is 3.5% aluminum, 2.5% copper, and the remainder zinc. 

Cutting metals. Cutting materials for high-speed machine tools 
should have the following characteristics: 


(1) Resistance to shock. 

(2) High strength at high temperatures. 
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(3) Particles of extreme hardness. 

(4) Maintenance of a sharp cutting edge. 

Several materials have been discovered which have almost all these 
characteristics. The best known non-ferrous alloys are Stellite, cemented 
tungsten-carbide, and tantalum-carbide. 

Stellite is a patented alloy which consists of cobalt, chromium, and 
tungsten or molybdenum. It holds its strength up to 1500 F, and is 
somewhat tougher at red heat than when cold. It is brittle, so the cut 
should be light. It is formed by casting to shape and grinding to size. 
Cutting spee<ls 20^^ to 50% higher than those possible with high-speed 
steel can be employed. 

The elements of cemented tnngsten-carbide are tungsten, carbon, and 
cobalt. Since all the melting points of these materials are high, the 
final product is formed by molding verj' fine powders under high pres¬ 
sures, followed by sintering in a reducing atmosphere. This process is 
more thoroughly discussed in the chapter on powder metallurgy. The 
tungsten-carbide is finally shaped by grinding. A typical composition 
is 81.4% tungsten, 12.7% cobalt, 5.3% carbon, and the remainder iron. 
I'he cobalt content may vary from 5% to 13%, and since cobalt is the 
bond for the tungsten-carbide particles, the brittleness increases and the 
resistance to abrasion decreases as the percentage of cobalt increases. 

d ungstcn-carbide is a very costly material, so small tips are brazed 
onto steel shanks, sometimes with a shock-absorbing pad of molybdenum 
between the shank and the tip. The cutting speeds for cemented tung- 
sten-carbi{le can be several times those of high-speed steels under favor¬ 
able conditions. 


1 antalum-carbidc is sintered with iron, cobalt, or nickel as binders. 
If the bond is nickel, the metal is known as Ramct. Tools made of 
Ramet maintain a sharp cutting edge, can be ground on ordinary grind¬ 
ing wheels, and jiroduce a veiy^ fine finish on steel. Because of its cost 
and briltleness, lips are brazed onto steel shanks. 


Su^auRY .VXD Dkfixitions 

idements can be liardened only by strain hardening. 

Precipitation- or age-hardening is the hardening resulting from the 

]>re( ipitation ot particles Irom a supersaturated solid solution at low or 
room temperatures. 

Bearing metals should have the following characteristics: 


• I ) Rla>t ieity 
(2) Low friction 
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(3) Ability to accept lubricant 

(4) Good wearing qualities 

(5) Good heat conductivity 

(6) High compression strength. 

Cutting metals should have the following characteristics: 

(1) High resistance to shock 

(2) High strength at high temperatures 

(3) Particles of extreme hardness 

(4) Maintenance of sharp cutting edge. 

Problems 

1. State reasons why metallic elements cannot be hardened by heat- 
treatment. How may they be hardened? 

2. Explain precipitation-hardening. 

3. What are the main elements in brass, bronze, die-casting metal, monel 
metal, and Babbitt? 

4. What is season cracking and how may it be prevented? 

5. What precautions are necessary in heat-treating brass? 

6. What is duralumin and what are its most useful properties? 

7. What characteristics are desirable in cutting metals? Explain each. 

8. What characteristics are desirable in bearing metals? 

9. Name the outstanding characteristics of Stellite, cemented tungsten- 
carbide, and tantalum-carbide. 

10. What advantages do magnesium alloys have over others? 

11. What characteristics should solder have? 

12. Why is lead used in some brass? 

I 3 « What property makes copper so important commercially? 



Chapter 70 

WELDING METALLURGY 


Wklding can be called a part of metallurgy because of the metallurgical 
changes that take place in the metal near the weld during cooling. The 
weld itself may be as strong as the original metal, but the nearby metal 
may be weakened because of the metallurgical changes during cooling. 


Welded joints. Welding processes may be divided into two main 
groups: pressure welding and non-pressure or fusion welding. Non-pres¬ 
sure welding is accomplished by heating the metal to a molten state, 
adding sufficient metal to fill the space, and then allowing it to solidify. 
In pressure welding, pieces of similar material are heated to a plastic 
state and then forced together under a high pressure. The heat for the 
melting of the metal can be furnished by oxyacetylene gas, electric arc, 
or by chemicals, such as Thermit. 

Welding metallurgy. Four factors largely determine the final 
product in any heat-treating operation: 

(1) The rate of heating 

(2) The ma.ximum temperature 

(3) The time at ma.ximum temperature 

(4) The rate of cooling. 


I'hese same factors must be considered in a study of the etfect of welding 
ujion the structure of the metal surrounding a welded joint. 

1 he rate of heating has little elTect upon the final structure, although 
it may cause cracks in a lirittle metal if it is too fast. The maximum 
temperature, the time at that temperature, and the rate of cooling all 
have a marked efiect upon the grain structure and grain size. 

Maximum temperature of a weld. The maximum temperature 
attained in the metal surrounding a weld depends upon these factors: 
the rate at which heat is applied, the total amount of heat applied, the 
spiiilk heat ol the metal, the mass or thickness of the metal, and the 
heat conduct ivitv of the metal. 
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If heat energy is applied ver>^ fast, the weld itself heats up before much 
of the energy can travel to the surrounding metal. A high temperature 
gradient (temperature difference between two points) with its attendant 
stresses results, but the grain structure does not change over a large area. 

Figure lo-i is a diagram showing the maximum temperature zones in 
the metal surrounding a weld of 0.3% carbon-steel. The zones would be 
closer to the weld if the heat conductivity were less, if the metal were 
thicker, and if the specific heat were higher. 



HOT ROLLED COLD ROLLED 

Fig. lo-i. Diagram showing the zones of critical temperatures about a weld of 0.3% 

carbon-steel and the crystals obtained on cooling in those zones. 

The iron-carbon constitution diagram as described in Chapter 6 
should be kept in mind as Fig. lo-i is studied. Zone A is above the 
liquidus, therefore the metal is 100% liquid. In this zone, the liquid may 
even have boiled on the surface directly under the arc or flame. Between 
the temperatures 2660 F and 2750 F the metal is in a mushy state and 
consists of solid austenite crystals in the molten steel. The material in 
zone C is all austenite, with the size of the grains increasing toward the 
higher temperatures. Zone D is varying mixtures of alpha iron in 
austenite. For hot-rolled steel there is no or little effect below 1333 F, 
but if the steel has been cold-worked, the strained crystals return to their 
normal shape, thus weakening the metal. 
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Effect of cooling the metal. After the flame or arc has passed along, 
the metal starts to cool. The maximum temperature in the outer zone F 
was so low that there is no change in the grain structure. If the steel 
were high-carbon and heat-treated, some tempering effects would have 
resulted. The maximum temperatures in zone E would also leave little 
change in the grain structure on cooling except in the case of strain- 
hardened material. 

Profound changes take place as the metal cools past zone Z>, and it is 
at this point that the rate of cooling is so important, as is indicated in 
C'hapter 7. The metal transforms from austenite (gamma iron) to alpha 
iron. Any one of the secondary constituents of steel can result, depend¬ 
ing upon the rate of cooling—in other words, the time allowed for the 
transformation process. The rate of cooling in this zone is high if the 
temperature gradient is high, that is, if the temperature in zone E is low. 
This statement is based upon the physical fact that the rate of heat-energy 
flow between two points depends, among other factors, upon the tem¬ 
perature dilTerence between the two points. It now becomes evident 
that preheating the metal will reduce the temperature gradient and 
thereby slow the cooling. The rate of heat transfer between two points 
also depends upon heat conductivity of the metal, since this coefficient 
indicates the ability of the metal to transmit heat. 

Other factors govern the cooling rate. The specific heat and the mass, 
or thickness, of the metal indicate the ability of the metal in zone E to 
lake heat from zone I) without excessive temperature rise, and they also 
govern the quantity of heat in zones . 1 , B, and C which must pass through 
zone D. If this quantity of heat is large, the temperature of D will tend 
to remain high and the rate of cooling will be slow. Since heat transfers 
from one surface to another with difliculty, and since air is a very poor 
(onductor compared to metal, weld areas on thick metals will tend to cool 
faster than thin metals. This is because the mass of the thin metal is not 
great enough to absorb the heat. Another factor is the ability of the heat 
to leave the surface of the metal. If a draft e.xists, or if the welded piece 
is in contact with a good conductor, the heat will be carried away faster 
than in still air. 

study of the '1'r r-curve for a metal will clearly indicate the impor¬ 
tance of the rate tif cooling of zone Z), 

Austenite grains grow in zone C. The higher the temperature and the 
longer the time, the larger the grain. This relationship is important 
since the grain size of the eutectoid in the cooled metal depends upon the 
grain si/e of the austenite from which it transfonns. Large grains tend to 
nialo' a less ductile material. 
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Zone B is the mushy stage. In this stage the metal may appear to be 
solid, but in reality it is a mixture of solid particles in liquid. If stresses 
are set up about this zone because of contraction of the surrounding metal 
or because of vibrations, the metal is apt to crack, because metal in this 
condition has little strength. It must be completely solid before it 
becomes strong and ductile. This type of failure is called hot cracks. 
The possibility of cracking is increased if steel contains some sulphur. 
The sulphur forms iron sulphide, which freezes at a much lower tempera¬ 
ture than iron or iron carbide. Thus the temperature range during which 
the metal is in the mushy stage is increased. Steel in this condition is 
called red short. 

Zone A is in the molten state. Upon cooling, it must go through all 
the stages with the changes that are dependent upon the rate of cooling. 
The rate at which crystals grow in this zone can affect the coring (com¬ 
position difference) and piping that can take place. The first crystals 
to form start at the cooler solid walls surrounding the melt and grow 
inward. Since crystals occupy 
less space than the molten metal 
from which they form, a depression 
or a cavity called piping is apt to 
form at the center of the weld. 

The first crystals to form in steel 
are lean in carbon, since carbon 
reduces the freezing point. If the 
cooling is slow enough so that 
crystals start only near the solid 
metal, the last metal to solidify at 
the center will be rich in carbon. 
coring. Should the metal be fast-cooled, crystals will start to grow 
throughout the molten metal and coring will not have an opportunity to 
occur. 

Figure lo-i also shows the crystal formation in a cool-welded joint. 
Although this analysis was based on 0.3% carbon-steel, the same sort 
of analysis can be made for the weld of any metal. 

Effect of the weld position. Figure 10-2 shows welds in various posi¬ 
tions. The area of contact for welds B and C are about the same, but 
that for A is somewhat larger than the others. The effect of this differ¬ 
ence would be to cool the weld metal faster in A than in B and C. 

The possibility of heat conductance is greatest in A because the heat 
has three directions in which it can travel. It can travel in two directions 
from B, but only one from C. In other words, A will cool the fastest^ 



1 
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A 


Fig. 10-2. The areas of contact and the 
possibility of heat conductance of various 
types of welds. 

This action makes what is called 
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and C the slowest of the group. The possibility of cracking and coring 

will be greatest in A and least in C. 

Residual stresses. During the cooling process, stresses may be set up 
in the metal surrounding the weld. These stresses may at times be 
nearly as high as the yield strength of the metal. In that case, the load 
which may be applied before permanent deformation takes place is small. 
To relieve the stress, the work-piece is annealed. 

A second type of residual stress is caused by welding together metals 
having different cooling curves. Figure 10-3 shows two such metals in 
various stages of cooling. Suppose that metal A has higher critical 
temperatures than metal B, and that both metals arc in the plastic state 
in Fig. io-3a. Figure io-3b represents the condition when the tempera- 



I'i;'. JO-.c The ciTcct of welding Itigcllu-r two metals having dilTercnt cooling curves. 


ture has lowered sufficiently for metal .1 to become elastic, but metal B is 
still plastic. In passing through the transformation temperature, A 
shrinks, and since B is still plastic and is attached to A by the weld, B is 
permanently deformed from the original shape. 

.\s the temperature drops through the transformation point of metal 
B, (he metal B becomes clastic and it shrinks; but it shrinks from the 
shape it has taken in Fig 10-3!) and not from the original shape. Since 
metal .1 is in the elastic state, it will not pennanently deform, but wU 
shrink according to Hooke's Law. A is then in compression and B is in 
tension. I'herefore. if the metals are free to bend, they will take the 
sliape shown in big. 10-3C. Straightening the metal wiW increase the 
st resscs. 


Effect of peening. The effect of peening varies with the temperature. 
W lu n the metal is pecned while white-hot. the effect is similar to hot- 
working. which changes the sliape easily but has little effect on the grain 
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structure. On the other hand, if the weld is peened while it is at a 
dull-red heat or just above the transformation temperature, the grain 
structure will be refined. Below that temperature the effect is that of 
cold-working, which increases the tensile strength but decreases the 
ductility. It is difficult to peen at just the right temperature because the 
operator would have to stop welding at short intervals. 

Multiple beads. Thus far only a single pass weld has been discussed. 
Welds of several beads have a finer grain structure, which makes them 
more ductile. The second bead heats the previous bead to a temperature 
just above the critical temperature of 1333 F and holds it there long 
enough for the steel to become fine-grained austenite. Upon cooling, 
the grains remain small and the material is ductile. Each succeeding 
bead refines the previous bead in a multi-bead weld. A conclusion to be 
drawn from the above discussion would be that several small beads make 
a better weld than one large bead. 

Stjnqiary and Definitions 

Pressure welding is forcing two pieces of metal together at high pres¬ 
sures while they are in a plastic state. 

Non-pressure welding is heating the metal to a molten state, adding 
sufficient metal to fill the space, and then allowing it to solidify. 

The factors which determine the properties of a welded joint are: 

(1) The rate of heating 

(2) The maximum temperature 

(3) The time at the maximum temperature 

(4) The rate of cooling. 

The maximum temperature depends upon: 

(1) The rate of heating 

(2) The amount of heat applied 

(3) The specific heat of the metal 

(4) The heat conductivity of the metal 

(5) The mass of the metal. 

Hot cracks are cracks which occur while the metal is in the mushy 
stage. 

Red short is a lowering of the temperature of the mushy stage of a 
nietal by an impurity, forming a low-melting-point compound. 

Problems 

1- What is the difference between segregation and coring? 

2. What causes hot cracks? 
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3. What is red-short metal? 

4. Why is multiple bead weld better than a single bead weld? 

5. What is the difference between pressure and non-pressure welds? 

6. What factors affect the maximum temperature at any point about 
weld ? 

7. What is meant by temperature gradient? 

8. What effect does peening have upon a weld? 

9. How does the cooling rate affect the structure of the cooled metal? 

10. Discuss the effect of the position of the weld upon the cooling rate. 

11. How are residual stresses set up and how can they be removed? 

12. What is the effect of preheating? 


Chapter 7 7 

THE CLEANING AND COATING OF METALS 


Many metals are contaminated with greases, sand, and oxides after 
forming and heat-treating operations. Contamination must be removed 
before coatings or finishes of any type can be applied. In many cases, 
the cleaning may provide the final finish on the product. 

« 

Cleaning metals. The process of cleaning metals can be divided into 
three general groups: mechanical processes, chemical processes, and 
electro-cleaning processes. A process is chosen after the metal, the con¬ 
tamination, the finish, and the cost have been considered. This book 
mentions only a few of the better-known processes. 

The mechanical cleaning methods are: 

(,i) Tumbling 

(2) Blasting with grit, shot, or sand 

(3) Flame cleaning 

(4) Chipping 

(5) Brushing 

(6) Vapor degreasing 

(7) Solvent cleaning 

(8) Grinding 

Tumbling. Tumbling is used for cleaning small castings, stampings, 
and forgings weighing under 10 lb. The equipment consists essentially of 
a horizontal or tilted drum which is rotated by hand or power. The 
tumbling barrel may be a simple drum or a drum set up for continuous, 
conveyor-type operation. 

The parts to be cleaned are placed in the barrel with an amount of 
steel balls or specially shaped slugs. As the barrel rotates, the slugs and 
parts rub and drop on each other. The scale, sand, and rough spots are 
thus removed or peened flat. The softer non-ferrous metals are some¬ 
times tumbled in sawdust in order that they may be cleaned without 
having the surfaces damaged. 
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This is a low-cost method of cleaning castings, since the labor can be 
unskilled and the equipment is comparatively low-priced. 

Blasting. Blasting can be used to clean all types of parts, such as 
welded parts, castings, forgings, and heat-treated parts. The size of the 
part is not limited. Sand, scale, and dirt are removed by the force of the 
high-velocity particles. 

Two types of equipment arc in general use: those using compressed 
air at 6o to loo psi to give the particles velocity, and those using the 
centrifugal force of rotating wheels to obtain the velocity. The cen¬ 
trifugal type can be used only for heavy shot, but it has the advantage of 
not being dependent upon a compressed-air supply. The nozzles are 



I'if*. 11-1. 


rvimblinR niill. Coitrh'sy IT, IT. Sly i'o. 


generally lined with tungsten-carbide or boron-carbide to provide wearing 
qualities against the abrasive action of the grit. 

The cleaning action and the kind of finish depend upon the size, shape, 
and material used for the abrasive particles. The metal shot cold-work 
the surface in a process called shot-firminii, which improves the fatigue 
strength of the metal. 


An air lilast is often used to blow loose or loosely held particles such as 
sand troni l astings. and chips from machined parts. 

Flame cleaning. Maine cleaning is used on large-work pieces and 
structural shapes as a preliminary step to painting. It is also used in the 
sti-el mill to clean slalts and blooms Viefore the final rolling operations. 
II the scabs and slivers are not removed, they may be rolled into the 
'^urlace and sjioil the final tinish. 

I he (leaning action consists of heating the surface until the coating 
ol Mali and rust tlakes and loosens. It is then brushed off, lea\Tng a 
taiil\ (It an snrtace. 1 he etpiipment consists of a multiple-orifice, 
at et \ It lu-liuming torch, and a bottle of compressc'il acetylene. Since 
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the equipment is portable, it may easily be moved to jol)s which otherwise 
could be cleanefi only by chippinjt or hammering. 

Chipping. Chipping is done 1 )\- lapping the scal(‘ with a hammer to 
break it loose. A chisel is sometimes used. 'This method is often used on 
bridges and ships' hulls. 

Brushing. Wire brushing is used to clean small parts whic h c an be 
handled by the operator. It will remove rust, scale, dirt, and sc ratt hes. 
but it cannot be used if the casting is 
cast to close tolerances because of the 
wear caused by the wire brush. The 
brush is a circular wire brush mounted 
on a high-speed motor-driven spindle. 

A hood should be provided to collect 
the dust as it is brushed loose. Care 
should be taken to avoid uneven stock 
removal with its consequent sj)oilage. 

Vapor degreasing. This method is 
used on small parts up to about 5 j>ounds. 

It consists of a succession of immersions 
in liquid or vaporized solvents such as 
carbon tetrachloride or trichlorethyleiie. 
d’he usual sequence of operations is: 
immersion in boiling liquid, then cold 
liquid, and lastly hot vapor. These 
varying temperatures require the use 
of steam coils and cold-water coils. Hoods are needed to lake care of 
the somewhat toxic fumes. 

\’apor degreasing will remove oil, grease, and dirt, but it will leave 
organic contaminations. An alkaline cleaning operation must be used as 
a final operation for the removal of organic material if the parts are to be 
electroplated. Usually the work is dipped into the solvents in baskets. 
No draining or drydng is necessaiy^ since the solvents vaporize quickly. 

Solvent cleaning. The work parts are dipped in a succession of 
solvent baths containing petroleum solvents, or the solvents are sprayed 
on the parts. Since the solvents are generally highly inflammable 
liquids such as naphtha, gasoline, and Stoddard’s Solvent, extra pre¬ 
cautions are necessary in this method. A small amount of carbon tetra¬ 
chloride will reduce the flash point and consequently the fire hazard. 

Dirty solvents may be distilled and reused after they become too 
contaminated for further use. Cleaned parts can be dried by slight 
heating or by compressed air. 



Mj’. ii-.’. Surfuci’ tli-fiH'ts arr 
rcino\c<l by ^ca^^ln■^ or Iniriiinj;. 
{jrcparalorx' to rolHnj'. Coiirlay 
BftliUlii m Still Co/npitny. 
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Pickling. I’irkling is accomplished by cleaning the metal in an acid 
balh. The usual acids are sulphuric, nitric, hydrochloric, and ferric 
sulphate; the choice and concentration of the acid depend upon the metal 
and the kind of cleaning. Materials for the tanks must be made of some 
acid-resisting material or must at least hv lined with such a material. 
The lowest-cost tanks are wood or concrete lined with lead, rubber, or 




I’or taliU- 


all t Ua li if tirj’rcasvr vapor-sprax’. 

tnrhl\i 


i'oHrtfsy J'hiUif>s Manufo>- 


asphalt, allliough lined brick and steel tanks are used. 'I'anks of monel 
metal or stainles> steel are tlu‘ most costlv. 

1 he cleaning at lion is imu h faster if agitation of either the liquid or 
I h( parts being tleaneil is pix>vided. Agitation of the liquid, which is 
u''ua!ly simpler, t an be obtainetl by putting compressed-air jets in the 
hoitom ot the tank. In most cleaning baths the action can also be 

'peetled up by heating the tluid with steam coils or electric immersion 
heater>. 


'^lak'- .mil n\ii.te> 
may be p^o^'ided oji 


are lemoxed by this method, and bright finishes 
many imn-lerrous metals. Acids will not attack 
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^^reases and oils, therefore oily parts must first be cleaned in an alkaline 
cleaner. Disposal of the acids is always a problem. They may be 
reclaimed or disposed of in the sewers, but if they are drained into the 
sewers they must first be neutralized. 

Alkaline cleaning processes. These processes consist of washing the 
parts to be cleaned in solutions of such alkalis as lye, sodium hydroxide, 
or trisodium phosphate. Soaps are often added as wetting agents so that 
the cleaning solution will come into contact more easily with the surface 
to be cleaned. These methods are used to remove all types of grease and 
oil, including slushing oil. 

The cleaning may be done by dipping in tanks, by washing in con¬ 
veyor-type washing machines, or by use of a steam jet. Since agitation 
and heat greatly speed the process, steam jets are often used in the tanks; 
or the heat may be supplied by electric immersion heaters, and the agita¬ 
tion by compressed air or by the mechanical motion of the parts. The 
washing machines usually consist of a series of tanks, containing solutions 
and rinses, and a conveyor to carry the parts through the cleaning cycle. 
In many washing machines, the solutions are sprayed on the work-parts; 
a saving in cleaner thus results, because the concentration can be reduced. 
Steam jets carry the solution onto large parts which cannot be immersed 
in a tank. 

The alkaline processes are primarily for removing greases and oils. 

Electro-cleaning processes. Electro-cleaning is used with both the 
pickling and the alkaline processes. In this method the work is usually 
the cathode, and the steel- or metal-lined tank is the anode. The current 
density for a given voltage depends upon the concentration of the solu¬ 
tion. In operation, hydrogen forms on the cathode, where its bubbling 
action loosens the dirt and scale and then carries them away. The 
hydrogen also protects the cleaned surface from the action of the solution. 
Often the tank is equipped with a reversing switch so that the current 
may be reversed for a few seconds. This action seems to improve the 
cleaning. 

Electro-cleaning requires exp)ensive equipment, but the thoroughness 
of the cleaning, the saving in time, and the reduction in the loss of metal 
may more than offset the increased cost. 

Cleaning non-ferrous metals. A great many methods and solutions 
are available for cleaning non-ferrous metals. The choice of a cleaning 
process depends mainly upon the metal, the contamination, and the 
final finish. It would be impossible in a book of this scope to discuss all 
the methods, but the table of methods shown below outlines some of the 
more common processes. 
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Coating metals. Metals may be given protective surfaces in many 
different ways. The type of coating depends largely upon the base metal, 
the corrosive agent, and the length of time the protection is needed. The 


('leaning Non-Fkrrous Metal Tarts 


Job 


Wiou^thc cast 
Al alloys (except 
d>e (Jstiogs) 


Al pans 

ejuiring light etch* 


Sheet Al parrs re« 
quuing heavy 

eKhir>g 


Bright dippmg 
cast Ai alloy parts 
(containing Si, 
Cu and or Fe) 


Pukling wrought 
Cu and Cu alloys 
(cartridge brass, 
leaded brasses, 
Cu, Nj, Ag, etc. 


Pi c k 1 1 ng $i-Cu. 
and Be Cu alloys 


bright dip used in 
conpunciion with 
above pickling 
treatments 


Cleaning brass 
(removing an* 
rtealing scale 
prior to plating) 


Cycle of Cleaaiae Ogerotions 

1. Soak 5*5 min. in caustic 
soda solution 

2. Rinse in cold running water 
>. Drv 

1. Dip in alkaline solution 
(triso^lium phosphate) 

2. Rinse in cold running water 

3. Dry 

1. Soak in alkaline solution 

2. Dip in nitric acid bath 

5. Rinse in cold running water 

4- Dry 

1. Immerse in bright dip so¬ 
lution 

2. Rinse in cold running water 

3. Dry 

1. Soak in ferric sulphate so* 
lution (or ^-4 min. 

2. Rinse in cold running water 

3. Dry 

1. Soak in ferric sulphate-acid 
bath for 55 to 50 min. 

2. Rinse in cold running water 

V Dry 

1. Soak in bright dip for 5^ 
to ^ min. 

2. Rinse in cold running water 

3- Dry 

1. Immerse in red dip (sul¬ 
phuric acid'sodium dichromate 
solution) for about 5 min. 


Both Charoctaristics 


2 ox. NaOH per gal. of 
water 


Bemorki 


Steel tanks are used for the alkali solutions; 
also washing machines may be used. 


4*6 oz. Na«PQ. l2HiO 
per of water at 180- 
200 F- 


Same bath as above 


A 1-co*l mixture ol 
cone. HNO> and water 


i gal cone. HNOk I 
gaJ. <48 to HP 


HS lb. Fei(SO«)i(an* 
hydrous) per 100 gaJ, of 
water at 120*140 F. 


5. Dip in bright dip for 5*50 
sec. 


Rins e in c old running water 

5 Dip in cyanide solution lor 
ai least 5 sec. 

6 Rinse in cold running water 

Place I 


50*170 lb. Fe.tSO, ),per 
100 gal. of solution, 52 
lb. HF per 100 gal. of 
solution, at 140*160 F. 


H a washing machine is used instead of a 
still rank, a slightly lower concentration may 
be used. A light, bright etch 

is obtained. 


Acid dip (step 2) removes any smut de¬ 
posited by soaking in tnsodium phosphate. 
(This smut is not obtained if the w'oik ti 
merely dipped in trisodium phosphate, as 
above). A heated tank for the alkali and an 
acid proof tank are both needed. 


Beouse of the HF in the bright dip, lead* 
lined tanks protected with an organic coating 
are used. 


The tank for this solution must be acid re- 
siscim and capable of being heated. Mecha* 
nized or hand dipping ec)uipmcnt may be 
employed. This treatment will remove scale 
ana stains, and the bath is fH>n*luming. 
Ecortomical cleaning is possible over a fairly 
wide range of bath compositions. 


Lead, or lead Jired. tanks protected by an 
organic ccsaiing are required. 


85 lb Fe«(SO*)» per 
100 gal solution pJui 
one of following* 0.85- 
8.5 lb. per 100 gaJ. 
cream of tartar. 4.2*25 
lb per \00 gal. citric 
acid or glacial acetic acid 


8*10^ (by vol ) 

1-8 oz. pet gal. 
NaiCr>Ov'2H«0 at 
160*200 F. 


I gat. cone. H>SO«, I 
gal. tech HNOs. \ f1. 
oz cone. HQ, 1 gal. 
water 


6*8 Of NaCN per gal. 
of water 


It a high luster as well as a clean surface is 
needed, this bright dip should follow imme¬ 
diately after one of the above pickling opera* 
cioAS. without any intervening nnsiitg. This 
IS an economical. non*fuming hath and ic is 
not highly corrosive. 


A lead-lined or ceramic tank that lan he 
heated' ts needed. Rinsinu operations ies* 
pccially steps 2 arsd 4) should be dime in 
tw'O'Srage rinses lor a dip tollow'ed by a 
spray rinse). A ceramic, rubl^rlmed or 
pure Al tank may be used lor the ^ight 
dip. This bath should be kept cool; one 
method of cooling is to use a \etamic unk 
surrounded by cool running water. For con* 
tinuous operation this entire ileamng cnie 
can be mecKamred, requiring unskilled wot 
to load and unload the conseyor or Kangen. 
After Anal rmsing tstep No. 6> the partt 
should be immersed in plating soIuikhs 
while still wet. 


following is a ])arlial list of coatings: 


Slushing conipouiuls 
Kluctroplatnl coatings 
Tin coatings 
/ini coatings 
Spra\'C(l nictal coatings. 
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Slushing compounds. Slushing compounds are oil- or grease-like 
materials which can be coated onto a metal surface for protection against 
the corrosive action of the atmosphere, salt water, or fresh water. 


Cleaning Non-Ferrous Metal Parts— {Continued) 



Crete ef Cleoniae Operotioaf 

letk Cberocteristka 

ftemerks 

tod 

^ idby »bect 
stock (prior to 
spot tod seam 
wtidiof) tod 
staopiogi tod 
screw macbioe 
parts 

1. Wash io lolrcot 



2. Soak io hoc aikalioe deaoer 
for V^-) micL 

3-E 02 . NaOH per gal. 
of water at 160-200 F. 

3. Riose io hoc water 


(Sometitnes a cold water rinse is used io 
pltoe of the hot water). 

4. Immerse ia bright dip for 
M5 lec 

3 gal. cone HtSO*. 1.3 
gal. cooc. HNOa* 3.3 
eaJ. water 

1 

Riose io cold rMooiog water 


6. Immerse in cyanide lolu- 
doo for 3*10 sec. 

6-6 NaCN per gal. of 

water 

* 

The cyanide solution may be warmed (in 
this case the work is merely dipped in the 
cyaoide soludoo); an exhaust ho^ is ne^ed 
to retoove poisooous fumes. 

7. Rioae io cold ruooiog water 



8. Drr* 

Elecire^cleaoiog 
of Oi tod Cu al* 
lost 

Qcao aoodicaiiy at 2<M0 ampa. 
per sq. fc for ^ to 3 ouo. 

6 to 10 os. deanet per 
gd. of water at 160-200 
f. 

For removing heavy deposits of due. grease, 
bufiog compounds, etc., in a minimum of 
lime the elecuo-deaner is used; this may be 
combined with» or used 10 plate of the 
alkaline deaners io At above dcaoiog cycles. 

Oeaoing Mg aJ* 
lof pans 

1. Wash JQ solvenc 



2. Soak io aikalioe deaner so- 
lutioo for 3*13 mio. 

3 02 . Na«CO»» 2 os. 
NaOH, 1 os. soap, wa¬ 
ter to make 1 gal. (so- 
ludoo should be kept 
boiling) 

The efficiency of this 
cleaning operation is increased if the work is 
agitateo or if a waahiog machine is used. 

3. Riose io hot water 

140-180 F. 


4. Rinse io cold ruooing water 


5. Dry 

Eiectro^cleaoieg 
Mg alloT parts 

1 

Same as above 


The added cost of electrical equipment for 
this deaning operadon is counterbalanced 
by reduction in processing time and the use 
of simpler deaoiog equipment (no sgiution 
of deaner solution or work is needed). 

2. Clean para catbodically at ' 
10-20 amps, per sq. R (at 6 
or mere volts). 1*3 mio. 

4 02 . NaJPO«*l2H.O, 

4 02 . NaiC^. water to 

1 gal. (soludoo 
should be kept as near 
the boiling point—over 
180 P.—^ possible) 

Steps i, 4 tod 3 same as above 


Bri^f djpfor Zo 
todZo alloy parts 
(also for Cd) 

1. Immerse io chromic add 
lutioo for 3*20 sec 

30*40 os. CrOt per gal. 
of soludoo; 2-4 os. Nat- 
SO 4 per gal. of solution 

Pure aluminum, or glass-lined or ceramic 
tanks must be used for chromic acid so¬ 
lutions. 

2. Riose in cold running water 


A two stage rinse (a dip followed by a 
spray rinse) is good practice. 

3. Dry 

Qcaiuog fll* 

loy die crntring 
prior CO electro- 
pUtiog 

1. Wash io solvent 



2. Dip io caustic solodoo for 
about 10 sec., or (2« Qeao 
electrolytically in trisod turn 
phosphate solution) 

2-3 OL NaOH per gal. 
of water at 160-180 F.» 
or (6 os. Na^PO** 12HtO 
per gal. of water at 170* 
160 F.) 

See section on electro-cleaning. 

). Riose io cold ruoniog water 



4. Dip in hydrochloric add 
soludoo 

3-3% (by vol.) cooc 
HCl 

Use a lead-lined or ceramic (earthenware) 
tank for HC) solution. 

3. Rinse io cold runoiog water 



(6. PUte> 


Compiled by Robert S. Burpo, Jr. Reproduced by permission from Engineering File Farts. No. fp. Sept., 
iQ44f Rcinhold Publishing Corporation. 


The oils or greases are applied by brushing, dipping, or spraying. 
Before the coating can be applied, the surface must be cleaned of all 
possible corrosive agents, since they can cause damage below the grease 
coating. Slushing compounds can be removed by washing in solvents or 
in hot soap and water. Certain oils may do double duty as slushing com¬ 
pounds and as lubricants, and therefore need not be removed. Fatty 
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oils and waxes are the usual coatings, although rubber, rosin, or asphalt 
is often added to obtain a higher viscosity. 

The method is used to protect freshly machined parts, auto parts, 
inarine parts, and machines which must Ije out in the atmosphere. 

Electroplating. Electroplating is the electro-deposition of a metal 
upon the surface of a base metal in order to obtain a desired coating. 
Metal coatings of this type may be deposited upon steel, copper, brass, 
nickel, and many other metals. The purposes of such platings rqay be to: 

fi) Protect base metal from corrosion 

(2) Produce a desired appearance 

(3) Protect base metal from wear 

(4) Increase the size of the base metal parts. 


In order to specify a plating, standardized specifications have bc'en 
set up, and tests to check those specifications have been dc\ased. The 
tests cover protection against corrosion, porosity, hardness, reflecting 
power of surface, and adherence. 

Certain precautions must be observed in the plating process if a 
good surface is to be expected. The base metal itself should be clean, 
smooth, and homogeneous. Oils or grease will prevent good adherence 
of the plating to the base metal; a rough, scratched surface shows through 
the plating. If the plating docs not adhere to inclusions in the base 
metal, a porous coating is produced. During the plating operation the 
( oncentration of the l)ath, its temperature, the current density, and the 


ano^'s must be carefully controllcMl. 

.yrinning. Tin plating is a veiy* large industn' in the United States. 
It makes a good-appearing, corrosion-resistant coating which can be used 
on steel plates. 

The general process consists of passing the steel through a flux bath 
into the molten tin. As the steel leaves the molten tin, it passes between 
rollers which are submerged in palm oil. These rollers smooth out the 
tin coating, and the palm oil acts both as a coolant and as a flux which 


helps distribute the tin evenly. 

1 in-plated steel is used in large quantities for food containers and 
other products, such as roofings. 

Zinc coatings. A belter-known name for zinc coating is galvanizing, 
/iiu -toateil stiel provides a metal capable of withstanding severe atinos- 
plu iii and corrosive coiulitions at a comparatively low cost. It is used 
loi wiu-, pii)es, structural steel, and many other applications. 

I he usual methoils of apjilieatiou are: 


I I ) 


Hot where the ^teel is first pickled in hot sulphuric or 
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hydrochloric acid, washed, fluxed, dipped in molten zinc, and linally 

wiped smooth by passing it between rollers. 

(2) Electrogalvanizingy or zinc plating. As in other electroplating 

processes, cleanliness of the base metal is of major importance. 

(3) Sherardizing, where the steel parts are placed in a tumbling barrel 
with zinc dust. The contents are then heated to about 500 F to 600 F 
and tumbled until the parts are coated with an alloy of about 10% iron 

and 90% zinc. 

(4) Spray or Schoop process. See following section on sprayed metal 
. coatings. 

Sprayed metal coatings. Any metal which melts in oxyacetylene or 
oxyhydrogen flames can be sprayed onto other metals or materials. The 
metal is first melted, then atomized, and finally forced against the base- 

metal surface. 

The most common and simplest type of spray gun consists of a nozzle 
with three concentric openings. Metal in the form of wire is fed through 
the central opening at a constant rate. As it comes out of the opening, 
it passes into the flame, where it is fused and pushed into the compressed- 
air blast by the force of the flame gases. The compressed-air blast then 
atomizes the liquid metal and forces it at a high velocity against the base 
material. Other methods are described in books of larger scope. 

Summary and Definitions 
Some mechanical cleaning processes are: 

(r) Tumbling 

(2) Blasting 

(3) Flame cleaning 

(4) Chipping 

(5) Wire brushing 

(6) Vapor degreasing 

(7) Solvent cleaning 

(8) Grinding. 

The pickling process removes scale, rust, etc. 

The alkaline process removes oils and greases. 

Some types of coatings are: 

(1) Slushing compounds 

(2) Electroplated coatings 

(3) Tin coatings 
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(4) Zinc coatings 

(5) Sprayed metal coatings. 

The purposes of electroplating are to: 

(1) Protect the base metal 

(2) Produce a desired appearance 

(3) Protect base metal from wear 

(4) Increase size of the base metal parts. 

Common methods of fi,alvanizin^: 

(1) Hot dipping 

(2) Electroplating 

(3) Sherardizing 

(4) Spraying or Schoop process. 

PRORLKMS 

1. Discuss the advantages and disadvantages of tumbling. 

2. What precaution must be observed in wire brushing? 

3. What are the relative merits of vapor degreasing and solvent cleaning? 

4. What type of contamination will pickling remove? 

5. What type of contamination will alkaline cleaning remove? 

6. What precaution is necessary in the dispo&il of acids? 

7. What is the cleaning action of electro-cleaning? 

8. What are several applications for protection with slushing com¬ 
pounds? 

9. List the purposes of electroplating. 

10. What properties are tested in electroplating? 

11. Describe the process of tinning. 

12. List and describe the methods of galvanizing steel. 

13. How are metals sprayed on a base metal? 


Chapter 12 

POWDER METALLURGY 


Powder metallurgy can be defined as the art of producing a metallic 
part from powders of a single metal, or of a mixture of metals, or of a 
mixture of metals and non-metals, by the application of pressure and 
heat. Modern powder metallurgy started about one hundred years ago 
with the formation of platinum parts. The furnaces of that time did not 
produce the necessary high temperatures. 

Manufacturing process. Since the powders used in making parts are 
very fine, a large surface is exposed with a correspondingly large tendency 
toward oxidation. Since the molecular bond which gives the material 
strength is produced between clean surfaces, it is necessary to prevent 
the contaminating oxidation. Consequently, the powders are mixed in a 
reducing atmosphere wherever possible. When iron powders are used, 
the air should be kept as free of moisture as possible. 

The forming of the part, called briquetting, is done by the use of special 
dies in presses. This step produces a part having only strength enough to 
hold itself together. The pressures range from 5 fo tons j>er square 
inch, depending upon the kind of powder and the desired porosity or 
density. Some investigation concerning the use of repeated pressures is 
being carried on which seems to indicate that lower pressures can be used 
to give the same results as the higher, steady pressure. It is evident that 
the cross-section area of a part is limited by the size of the available 

presses. 

Attempts at reducing the pressures by applying heat and pressure at 
the same time have been successfully made. The heat makes the powder 
somewhat plastic and hence more easily compressed. However, the 
expensive heated dies and the necessity of performing the operation in a 
reducing or inert atmosphere are decided disadvantages. 

Usually automatic devices are connected to the presses for measuring 
out the correct amount of powder. Automatic machines of the pill¬ 
making type can be used for high-speed production, sometimes producing 
as many as 30 parts per minute. Although the parts made in this type 
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FORCE 


of machine generally have to be small, the results are better because the 
fast compression seems to reduce the amount of trapped air. 

Many limitations exist in the design of dies. The die surfaces must 
be hard in order to resist the abrasive action of the powder. If the dies 

become rough, the manufactured 
part will liave a rough surface 
and ejection of the part from the 
die will be more difficult. 

The ratio of the depth of the 
die to the width of the top opening 
must be kept small (Fig. 12-1): 
that is, d/u' must be small. If it 
is large, the friction between the 
powder and the side walls will 
cause the pressures to var>' over 
the lower cross sections. 

Since the powder does not flow 
freely around corners, re-entrant 
angles such as shown in Fig. i2-2a cannot be used. If one flange is 
needed, it should be at the top of the die, as in Fig. i2-2b. 

The linal step in the making of powdered metal parts is the heat- 
treating or siiilcring operatio n. Sintering can be done at the same time 
as the compression operation, but it usually follows t he final fomiing 
operation. Since powder metallurgy is nearly always used for quantitv 





(a I 


ih 


I''i« 12-.’. 


':i' Kf .•iiiranl aiiKU- whuh ranin.t Uv mkuIo U\ juwdor nuMallurRv. tbi Ty|H' 
--f anj-U- or projictioa which can be made by iH>wder metallurgy methods. 

prodiution, the turnaces are generally of the continuous-convevor type, 
betause ol the the large surface area of the small grains, the sintering is 
<lone in a reducing or inert atmosphere or in a vacuum. In general, gas 
furnaces are used; the reducing atmosphere is obtained by using insuffi- 
tienl o.\)gen, thus filling the lurnaee with unburnetl gases. These gases 
are ( f) and llj. which have reducing properties. 

1 lie lempeiatures usetl in tliis step are below the melting point when a 
pure metal is used, but the lower-melting-point metals may fuse when 
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there is a mixture of powders. Although the metais do not melt, lhe\ 
seem to weld together and to form alloys similar to alloys that have been 
made from melted mixtures. 

Often a porous material is desired for use in making filters and oil- 
impregnated bearings. For these purposes, the metallic powders are 
mi.xed with volatile powders. The volatile i)owders volatize during 
sintering, and escape, leaving tiny passages throughout the metal. 



Fig. 12-3. .Automatic powder press making gears. Courlvsy Moraine Protlmis Division, 

General .\fotors Corp. 


The shape of the powder grains has a great effect upon the physical 
characteristics of the parts. Angular-shaped grains seem to bind better 
than globular grains, thus making a harder and stronger material, but 
globular grains make a more uniformly porous material. 

Powders. Although iron, copper, and nickel powders are probably 
used more than any others, several metals are available in the powdered 
form. Among them are tungsten, platinum, silver, gold, and cobalt. 
The sizes of the powder grains available range from 0.006 inches in diam¬ 
eter to the minute carbon grains, which are i to 5 microns in diameter. 
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Powders such as copper, nickel, cobalt, and tungsten are obtained by 
the reduction of the oxides. The oxides are easily powdered, and, when 
reduced at temperatures below the melting point, they leave metallic 
powders. Carbon and hydrogen are generally used as the reducing 
agents. I'he size and shape of the grains can sometimes be governed by 

controlling the rate of flow of the gases over 
the powder. Electrolytic deposition plus 
grinding is sometimes used to obtain powders. 

A third method is by atomization, a 
method similar to that employed in the 
ordinary fly-sprayer. A stream of molten 
metal is directed into a blast of compressed 
air. This action finely divides the metal and 
at the same time cools it below the freezing 
p>oint so that it may be collected asap>owder. 

Precipitation is used to produce the 
powders of such metals as gold, silver, and 
platinum. 

The larger-grained powders can be sorted 
according to size by use of a series of sieves. 
Sieves are as small as 400 mesh: to give an 
idea of sieve sizes, a 300 mesh means a 
diameter of 53 microns. 

Finer powders, such as the carbide pow¬ 
ders, can be measured by determining the 
amount of light blocked by the powder while 
in suspension. The carbide powders have 
diameters from i to 5 microns. 

Certain physical characteristics of a 
powder must be known before a machine- 
press is set up. The density must be known so that the loading ratio 
tan be determined, that is, the ratio between the volumes before 
and after compression. Phis ratio indicates the amount of powder that 
should be put into a die in order to stay within the allowable length 
toleiances. 1 he rate of flow through various-sized orifices must be 

known in order that the correct oritice can be chosen for use with auto¬ 
matic machines. 

Advantages. Powder metallurgy has many advantages, as well as 
<lisa<lvantages. over t)ther forming methods. The process should not be 
used as a direct substitute for some other method; rather, a part should be 
redesigned in order to gain all the advantages of the powder metallurgy' 



log. 12-4. rhe die “bar¬ 
rel’' and punch are tilted to 
very close tolerances, hut permit 
the air to be forced out under 
high pressure. Ctmrtfsy .\fo- 
riihic Products Division, Cen¬ 
tral .\f otors Cor ft. 
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process. It is essentially a large-production process because of the high 
die and press costs. 

Parts can be finish-formed to tolerances of o.ooi in. perpendicular to 
the direction of the pressure, and 0.005 in. parallel to the pressure. The 
finish is limited only by the smoothness of the die. The smoothness and 
close tolerances make possible the production of close tolerance and good- 
finish parts without the cost of further machining. 

Very definite advantages derive from the powder metallurgy process 
if products containing high-melting-point metals, such as tungsten and 
platinum are to be made. The highest temperature necessary in the 
process is far below the melting point, therefore lower-temperature 
furnaces can be used. The cost of furnaces and their operation increases 
very rapidly as the operating temperatures increase. 

Metals that have melting points so far apart that one might vaporize 
before the other is melted, can be mixed and alloyed by powder metal- 
lurgy because of the lower temperatures required in this process. Metals 
that do not mix when molten, owing to differences in density, as well as 
metals and non-metals, can be mixed in the powder form and then sin¬ 
tered. Powder mixing is the only way, in many cases, that some mate¬ 
rials can be mixed uniformly. By starting with pure powders and by 
using careful measurements, alloys of exact proportions can be obtained. 
The effects of the hard-to-eliminate impurities of steel can thus be com¬ 
pletely eliminated in this process. 

Parts of two separated metals, such as steel-reinforced bearing inserts, 
can be made by putting the powders in the dies in layers. 

Porosity of the metal can be closely controlled and can be varied from 
5% to 50% of the volume. The shape and size of the powder grains and 
the applied pressure are the chief factors affecting the percentage of 
porosity. Sometimes volatile matter is mixed with the metallic powder. 
When the volatile matter gasifies during sintering, it leaves the part by 
forcing its way to the surface, thus leaving holes throughout the metal. 
The porosity can be varied by the kind and amount of volatile material 
used. 

Many times the increased cost of making parts by powder metallurgy 
can be more than offset by scrap savings as high as 70% as a result of 
making the casting in the final form. Further savings can be made by 
the elimination of machining operations. 

One of the greatest advantages is the high-speed production of 
automatic presses. Production as high as 1800 pieces per hour has been 

obtained. 
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Disadvantages. T'ht- most obvious disadvantage is the need of large 
and high-prcssurc presses and the accompanying limitation in the size of 
the products that can be formed. 

Some powders tend to cling to the vertical walls of the dies. Two 
bad effects result: defective surface finishes, and a variation in the 

internal pressures near the bottom of the die. 

Because of the large exposed area of the small powder grains, the 
metal is apt to corrode faster than solid pieces. Since good bonds in the 
sintering operation are made only between clean surfaces, the air may 
need to be controlled in the press rooms. 

The raw materials have a somewhat higher cost than those for other 
methods of forming parts, but this high cost may be olTset by the savings 
in machine work and scrap. 

Certain limitations in the design exist, such as size and the use of 
re-entrant angles on the vertical sitles of the die. In making parts having 
concentric circles, such as bearings, some eccentricity is apt to develop 
which would necessitate machine-work or grinding. 

In general, the physical properties of powdered-metal products are 
lower than those matie by rolling or casting. However, this situation can 
be somewhat olTset !)y increasing the size of the part. Man}' times 
certain properties obtainable only by powder metallurg}’ govern the 
design. 

Applications. I'he art of powder metallurg}’ has grown tremendously 
in the past few years with increased and varied applications. Only a few 
of the more interesting uses will be mentioned in this book. 

One troublesome point that bothers designers of equipment that may 
be used in both extremely hot and very cold climates is bearing lubrica¬ 
tion. In military equipment, especially, lubrication failure is very 
serious. T hese troubles have been largely eliminated by the use of oil- 
impregnated porous bearings. The bearings are first put in a vacuvim, 
thim oil is forced into the pores under pressure. The amount of oil that 
oozes from (be bearing dejxnds upon the temperature of the bearing, so 
that lubrication aulomaticall}' atljusts itself to the temjx'niture of the 
l>earing. When the bearing cools down after ojx'ration, the oil is drawn 
back into tlx' bearing material. Bearings ranging from the tiniest to 
some weighing (>5 pounds have been made from powdered metals. 

High pressuri' babbit bearings can be made by first applying a mix¬ 
ture of copper and nickel powders to sheet steel. During sintering, the 
copper \^^^^k^ its wa\' between ihe grains of the steel backing, leaving a 
porous nickel layer on the ^tiel The copper binds the nickel to the 
steel. The air is then e.\hau>led frv>iu the nickel, and babbit is forced 
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into the pores to a depth of about 0.002 inches. This type of bearing has 
a life of 2 to 5 times that of an ordinar>^ babbit bearing. 

The powder metal process is particularly fitted for manufacturing 
small parts such as door catches, small cams, and hinges. Parts where 
rubbing occurs, like hinges, can be made self-lubricating, thus eliminating 
the ever-present squeaky door. 

Since tungsten-carbide and diamonds have extremely high melting 
points, they are difficult to distribute evenly throughout a metal matrix 
by ordinary processes. Consequently, the making of good cutting tools 
has been extremely difficult. Powder metallurgy, however, has alleviated 
this trouble by permitting the cutting powders and the cobalt- or nickel¬ 
binding powders to be thoroughly mixed before the forming operation. 

Attempts have been made, with some success, at making ribbonless 
typewriters. The type is made of porous metal impregnated with ink. 

Filters capable of withstanding pressures up to 25,000 psi are being 
made of porous metal. These are particularly adaptable to diesel engine 
injection systems which operate at very high pressures 

Cast alnico magnets have large grains and are very brittle. Ihe large 
grain size affects the magnetic properties, and the brittleness affects the 
machining properties. Thus the number of applications is limited. 
Small-grained and less brittle magnets can be made by powder metallurgy. 

Brake drums which are highly resistant to abrasion can be made by 
mixing wear-resistant materials with steel while in the powder form. 

Small gears are a particularly good application for powder metallurgy, 
since they can be made in the finished state simply by forming them in a 
die (Fig. 12-3) and then sintering. They are smoother, cheaper, and 
quieter than cast gears. 

Excellent electrical contacts can be made of tungsten and copper. 


Under casting conditions, the copper would vaporize before the tungsten 
melted, but with the lower sintering temperatures it is possible to combine 
the two metals. The tungsten acts as a porous matrix which can with¬ 
stand pressures at high temperatures, and the copper provides the 
electrical conductivity. Even if the temperatures of the contact are 
above the melting point of copper, the copper is held in place in the 
porous tungsten by capillary action. This action permits a good spot¬ 


welding contact. 


Definitions and Summary 


Powder metallurgy is the art of producing a metalKc part from 
powders of a single metal, or of a mixture of metals, or of a mixture of 
metals and non-metals. 
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I'he manufacturing process consists of compressing the powders in 
dies at high pressures and heating. The heating may be done at the same 
time as the compressing operation or as a separate operation after 
forming. 

Sintering is the heating of the formed pieces to temperatures at which 
the powder grains weld together. 

Limitative factors: 

1. Die surfaces must be hard. 

2. No re-entrant angles may be present. 

3. Size is limited by press size. 

4. Ratio of depth over width must be small. 

PROBLKMS 

1. List the advantages of powder metallurgy over other forming methods. 

2. List the disadvantages and discuss each fully. 

4 

3. What are the major limiting factors in designing parts? 

4. What methods arc used in obtaining powders? 

5. What factors govern porosity? 

6. What physical characteristics of the powders should be known by the 
.set-up man? 



Chapter 13 

FURNACES AND THEIR CONTROLS 


An understanding of the operation, characteristics, and controls of 
heat-treating furnaces is essential for the proper and efficient heat-treat¬ 
ment of metals. Use of the wrong temperature or the wrong type of 
furnace can spoil many thousands of dollars worth of machined parts. 

Desired furnace characteristics. Several general characteristics 
govern the choice of a furnace other than that of particular application. 

Furnaces should have the ability to heat to temperature quickly. 
This factor can save much inactive time for both the furnace and the 
operator. 

In many heat-treating operations, close control of the furnace tem¬ 
perature is essential for good results. Close control can be accomplished 
by the use of automatic controls set to narrow variation limits. 

Elevated temperatures tend to accelerate chemical reactions. As a 
result, oxidation becomes a serious consideration in heat-treating opera¬ 
tions. The type and effectiveness of the atmosphere control are worthy 
of serious consideration. 

Many furnaces do not heat uniformly throughout the heat-treating 
chamber, and the thermocouples do not indicate the temperature of the 
piece being treated. As a result, variations in the properties of different 
parts of the product may occur. Furnaces should be designed to elimi¬ 
nate these troubles. 

Another important factor is the efficiency of the furnace. Is the 
insulation good enough so that temperatures may be maintained with a 
niinimum input of energy? 

A thorough investigation of the general mechanical construction 
may prevent much lost time due to breakdown of the fire brick or the 
framework. 

Fuels. The most suitable fuels for use in heat-treating furnaces are 
artificial gas, natural gas, liquified petroleum gas, and oil. Where rigid 
temperature and atmosphere control is necessary, the gases are the most 
suitable, but oil heat can be controlled by using the proper care and 
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automatic equipment. The major combustible elements in these fuels 
are hydrogen and carbon, which make HoO and CO^ as products of com¬ 
plete combustion. A check of the flue gases will indicate whether the 
air-fuel ratio is lean or rich. If it is lean, there will be an excess of oxygen, 
showing that too much air is entering the combustion chamber; if the 
mixture is rich, there will be an excess of CO, indicating that all the 
carbon has not been completely burned. 

Types of furnaces. There are a large number of types of furnaces. 
In some, the parts to be treated may be placed in the heating chamber. 
In others, the parts may be carried through the furnace on conveyors. 

Some of the more common t^q^es are: 

(1) Open-muflle, fuel-fired furnaces 

(2) Semi-muflle, fuel-lired furnaces 

(3) Muflle fuel-fired furnaces 

(4) Liquid-bath pot furnaces 

(5) Electric furnaces 

(6) Induction electric furnaces 

(7) Flame-hardening furnaces. 

Each type of furnace has advantages for special purposes, so all types 
should be considered when picking a furnace for a job. 



I'h;. j^-i (’ri>ss section of o|>cn-nuUllc 

furnace. 


Fig. »3-i. Cross section of semi-muftlc 

furnace. 


Fuel-fired furnaces. The combustion in an open-muflle furnace 
{Fig. 13-1) takes place in the heating chamber, usually above the charge. 
'This lyi)e Is used lor tianperatures above igoo F because of its heating 
effu it'ucy, but it may have the ilisitdvantages of uneven temperatures 
and of the possil)ility of formitig seales easily. 

I igure 13-j shows the cro.ss section of a semi-muflle furnace. The 
conilmstion v luimbei i> usuall\- below the heating chamber, although it 
may be above or 011 the sides. 'The gases pass through the heating 
( bainber as indicated, luit live charge is protected from the flame by a 
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suitable baffle. Semi-muffle furnaces are used for temperatures up to 
1900 F. The hot gases may be circulated by fans in order to get more 
uniform temperatures and to get more heat from the gas. It is more 
efficient than a muffle furnace because of the more direct heating, but the 


possibility exists that the exhaust 
gases will contaminate the charge sur¬ 
faces and spoil the finish. Also, the 
furnace atmosphere can be made 
reducing by enriching the mixture, 
whereas this arrangement cannot be 
made in the muffle furnace. 

The-muffle furnace is shown in 
Fig. 13-3. In this type none of the 
products of combustion can come into 


EXHAUST 




Fio. 13-3. Cross section of muftlc 

furnace. 


Fig- •3-4- Gas furnace with con¬ 
trolled atmosphere. Cotirfisy Dc/incan 
Too! Slid Corporation. 


contact with the charge. This feature leads to the disadvantage of 
inability to control the heating chamber atmosphere by control of the 
air-fuel ratio, but it does make possible outside atmosphere control. 

Liquid baths. The heat-treatment of metals by immersion in liquids 
capable of being maintained at treating temperatures is in common use. 
This method requires that the heating medium have no chemical effect on 
the immersed metal and that the medium itself does not change prop¬ 
erties when kept at useful temperatures for prolonged periods. 

Heat-treating in liquid baths has the advantages of a more uniform 
temperature, of faster heating, and of almost complete protection of the 
charge from the corroding effects of the atmosphere. The disadvantages 
may be listed as high cost, danger due to exploding steam, and the neces¬ 
sity of special mechanisms to hold metals immersed whose specific 

gravity is less than that of the liquid. 
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Heating mediums. The most-used heating mediums used in liquid 
baths are metals, salts, and oils. Lead is the only commerciaUy used 
metal. The temperature ranges for these mediums are: 

Salts: 350 F to 2350 F 
Lead: 650 F to 1700 F 
Oils: up to 500 F 


Several points of comparison must be considered when the heating me¬ 
dium for a liquid bath is chosen. 

The specific gravity of lead is about 10; that of the salts is near 2. 

Since most commercial metals are 
lighter than lead, they float, and 
therefore have to be held down. 



I-ig. SnuiU I'li'ilrii furnace. Conr- 

li-^v rhi- Stiilry 


However, they sink in tl^e liquid 
salt. 

The thermal conductivity of lead 
is higher than those of the salts. 
This advantageous property causes 
heat to be carried to the charge at a 
higher rate, making faster heating 
possible in lead. 

Lead has a lower specific heat 
than the salts. Since the amount of 
heat stored up in a pound of lead at 
a given temperature is less than that 
for a pound of salts, there is apt to 
be a larger temperature change when 
charges are put in the furnace. 
This larger change is somewhat off¬ 
set because the weight of lead in a 
given pot is much greater than the 
weight of the same volume of salts. 
If batch lots are being heated, 

and lower fuel 


this property of lead gives the advantages of faster heating 


consumpt ion. 

The fornuUit)!! of solid layers of the heating medium on the charge, 
l)ecause of its being cooled below the freezing point next to the cold 
tbarge, is alTected by the melting point, the heat of fusion, and the 
thermal coiuluclivity. Lead has a low melting point, which helps prevent 
soli<liiication because of the greater change in temperature possible before 
solidiiicalion starts. .\lso. the l.igh thennal conductivity of lead helps 
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to keep the temperature near the charge high, since heat can be trans¬ 
mitted from remote parts of the bath at a faster rate. These advan¬ 
tageous properties are somewhat offset by the small heat of fusion of lead. 
Materials with small heats of fusion require the extraction of less heat in 

order to obtain complete solidification. 

Although the temperature range of the salts is large, the range for 
any particular salt is narrow, making it necessary to change the heating 
medium for different kinds of charges. Since the temperature range of 
lead is large and covers most of the heat-treating temperatures, fewer 

changes of heating mediums are necessary. 

Lead is chemically affected by the air much more than the salts, and 
generally needs the reducing protection of floating charcoal. On the 
other hand, lead has practically no corrosive effect on steel, whereas most 
salts do affect the steel surface. The effect on the pot is similar: lead 
has practically no effect, but most of the salts tend to destroy the lining. 

Electric furnaces. These furnaces are heated by elements of the 
resistor type. Metal resistors are limited to about 1900 F because their 
life is rapidly shortened as the temperature rises above that point. 
Carbon resistors can be used where furnace temperatures up to 2300 F 
are necessary. The heating elements should be placed in the furnace so 

as to give uniform heating to the charge. 

The advantages of the electric furnace over the fuel-fired furnace are. 

1. No exhaust gases to dispose of; quieter and cleaner operation. 

2. Easier temperature adjustment and better automatic and manual 

control. 

3. More uniform temperatures under proper conditions. 

4. Easier use of protective atmospheres. 

The disadvantages are: 

1. Slow temperature changes leading to difficulty in using where 
rapid changes are desirable, 

2. High cost of electricity on a btu basis of comparison. 

3. Long time necessary to heat to operating temperature. 

Induction heating. In the past few years the application of induction 
furnaces to special and automatic work has increased tremendously. The 
method of induction heating transfers electrical energy to an isolated 
body, where it is changed into heat energy. This induced heat can be 
applied within definite areas with such speed and intensity that adjacent 

areas are unaffected. 

Induction heating is particularly useful in treating smal parts an 
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. areas of larger parts. It is also useful in the surface hardening 

of irregular surfaces, such as gear teeth, and can be used for brazing, 
annealing, and soldering work not possible by any other method. 

'I'he source of high-frequency 
electrical energy can he sui)plie(l hy 
a motor-generator set, spark oscil¬ 
lators, or elect ro n i c oscillators. 

I'Jectronic oscillators can supply fre- 











i* » > ' 
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I'ij;, M-'*- ^ '*‘1 sfOi)) fi>r In- 

• liK tion-heatinj' i-xtcrmil surface t*f 
piece. 


log- > 3 - 7 - A 15-kw output electronic 
induction heater with sink for quenching. 
Coiirtisv Ci'iiirtil i'.lffiru' Company. 


(jueiu ies up to ^^00 megacycles. Figure 13-6 shows a setup for induction 
heating. High-frequency current passes through the coil, which induces 
current in the piece. This induced current is so large that it heats the 
piece. 'I'he dei>th of the heat depends upon the frequency and the heat¬ 
ing lime. 'I’he higher the frequency, the shallower the heat penetration; 
if the time is short, the heat will not l)e con¬ 
ducted away from the surface. 'I'hus shallow 
jHuietration will again result. 

Induction heating can he applied to a great 
variety of s])ccial jobs. Figure 13-8 shows the 
heating of an inside surface without heating the 
outside. Idgure i shows a gear setup for 
healing I he surface of the gear teeth. Figure 

1^-10 shows (he sjime gear being (luenched. The , 

. - 1- I I * n • 1 Ide. I ^-8. Internal 

metal j)arfs ot radio tubes and metallurgical hardening inside 

samples pUuaal in evacuated glass containers can surface. 

In lieali-d willioul a!mosjiberic contamination. 

Flame-hardening furnaces. Mame-hardening can be defined as the 
ail of prndiicing a thin, hard-wearing surface on an object by open flanie- 
healing Inllowed by imim'diale cooling. The process may be used on any 
pari ;u I « sy,ililr to the Hame ('ams. gears, and rails are good examples 
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of products adaptable to flame-heating. The torch tips are usually com 

bined with a suitable spray nozzle for cooling purposes. 

The many special machines on the market fall into several general 

classes: 

I. Stationary flame for hardening spots or for use where work is 
moved past the flame. 



FiK. 13-Q. 


Close-up of quench ring and heating coil with gear inserted in position. 

/<'5V General FJcctric Company, 

4 


Cour- 


2. straight-line, moving flame and quench nozzle for hardening parts 

such as rails. , c t-u 

3. Circular-line, moving flame for hardening cams, gears, and so forth. 

4. High-speed rotating part heated by several flame tips. \\ hen the 
part, such as a par, is heated, it is dropped from the flame directly into 

e.™, o.™ tips .0 h.., .he 

entire part at once, accompanied by a spray-quenc mg sys e 
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The usual fuels arc manufactured gas, natural gas, propane, and 
butane; air supplies the oxygen. 

Atmosphere control. A very important phase of heat-treating where 
good surfaces are required is the control of the atmosphere in the furnace. 
Of the several methods of atmosphere control, the simplest is the control 
of the fuel-air mixture in open-flame and semi-mufile furnaces. A rich 



I-Ig. 13-10. Quenching operation is nutnnnitically controlled. Courlcsy Gt'ncral Bcctric 

nyxturc makes CO and II, in the furnace; these gases are reducing agents. 

Damp II, also t.-nds to decarhuri/,e steel, so a compromise must be made 
lietween decarbnrizalion and oxidation. 

A lietter method is In nil ele, trie or muffle furnaces with truly neutral 
gases. .Among the common gases are H, made hv electrolytic dissocia¬ 
tion Ot water, disso, laird amninnia. an.l gases made by partial combustion 
ol hydrocarbon gases. 

I he use ol lithium is last coming into widespread use, particularly in 
K hcat-tic^itment ol steel and aluminum iwoducts. Small amounts of 
n itallic lithium are pla.,-d 111 ihe furnace with the charge. As the fur- 






13-11. Flame hardener which drops gear into quenching tank. Courtesy Gas Appli¬ 
ance Service, Inc. 
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imrr boats up. the lithium vaporizes, forming a very active gas. and enters 
into the following reactions: 


me litnium oxide is pertectly neutral, and the hydrogen is reducing. 
T hus a good furnace atmosphere is provided without expensive equipment. 

A widely used method of atmosiihere control for electric furnaces 
consists of placing the piece to be heated in a box made of a special 


I-Ig. IJ-I2. (;as llatiu- n(.//lcs Irainnl on a rotaliiiK }^car lo uniform heating of all 

llu- gear IcTth. Coitr/, sy Gas A X.n/.f, hu. 


carboiiiu cous niatc-iial. These boxes, when heated to 2.:!oc F, give off a 
gas at su< h a rate that neither earburization nor decarburization takes 
plaee. I hi, method ean lie used with high-speed steels, partieularlv 
those eonlainiiig eobalt and molylidemnn. The major advantages of 
this method are its simplieily and low cost. 

Quenching fluids. I he usual (luenehing fluids are salt solutions, 
'.111 I , oil, . 111,1 ,iji I lii'M- ale listed in the order of decreasing cooling 
'ale all hoiigh excepliom lo the order arise when agitation of the medium 
•'"'I ">'■ lemperaliii-es of the iiielal and me.lium are fuliv eonsidered, 

I Ih- P'oie.s ol cooling in a li.|uid ean be divided into three stages; 

'1 '/-I AAie/.v/ At this stage the metal is so hot 

'h.ii 111. .|M. I1, lung medium vapori/c at the surface of the metal, forming 
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a thin, stable, vapor film on the metal. Heat is transmitted through 
this film by conduction and radiation. Cooling is therefore relatively 
slow. 

(2) Vapor transport cooling stage. This stage starts when the tem¬ 
perature of the metal is sufficiently cool that a continuous vapor film is 
not possible. The quenching medium wets the surface and commences to 
boil violently. The vapor bubbles thus formed are carried away from 
the metal surface by convection and gravity to be condensed by the 
surrounding cooler liquid. This is the most rapid cooling stage. 

(3) Liquid cooling stage. This stage begins when the metal tempera¬ 
ture is at the point where no vapor is formed, that is, near the boiling 
point of the liquid. Cooling is now carried on by convection and con¬ 
duction. This is the slowest stage. 



^ig. i 3 "^ 3 - The voltage-temperature characteristics of various thermocouple metals. 

The ideal quenching medium should have a high initial cooling rate 
during the critical hardening range of the metal and a slow cooling rate 
below that range. Slow cooling in the last stage helps to prevent warping 
and cracking. The third major requirement of an ideal quenching 
medium is that it should not deteriorate with continued use. 

Pyrometry. Pyrometry involves the measurement of temperatures 
above 950 F. The most-used methods employ thermoelectric, optical, 
and radiation pyrometer instruments. 

In the thermoelectric pyrometer a thermocouple is placed in a position 
where its temperature accurately follows that of the furnace. A ther¬ 
mocouple consists of wires of two dissimilar metals which are joined 
together at both ends. Seebeck discovered in 1821 that if one junction 
(measuring junction) were heated while the other (reference junction) 
remained cool, a voltage was generated in the circuit which was proper- 
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tional to the difference in temperatures between the two junctions. In 
use, the measuring junction is placed in the furnace; the reference junc¬ 
tion may be just the connections to the voltage-measuring instrument 
leads or it may be placed in the ground to obtain a more constant tem¬ 
perature. The rate of change of voltage with temperature depends up>on 
the choice of the two metals, as is indicated in Fig. 13-13. When the 
thermocouple is connected to a voltage-measuring instrument, the 
temperature may be read or recorded by using a conversion graph or by 
using a temperature scale on the instrument instead of a voltage scale. 

The safe operating temperature for maximum service of a thermo¬ 
couple depends largely upon the protection from the furnace atmospheres 
and upon the size of the wire. The length of life increases with the size 
of the wire. Platinum vs. platinum-rhodium thermocouples can be used 
up to 3000 F, but the iron vs. constantan and chromel vs. alumel combina¬ 
tions are best suited for the ordinary heat-treating temperature ranges 
from 1200 F to 2100 F. 

Characteristics of thermocouples. Several characteristics limit the 
use the various types of thermocouples: 


(r) The resistance to furnace gases at the temperature range for which 
the thermocouple was designed is an important consideration. The rate 
of oxidation increa.ses very rapidly as the temperature rises. Therefore 
this factor limits the upper temperature of some metal combinations. 

()xidation may be decreased by enclosing the wires in ceramic tubes which 
have a secondar)’ protection of a metal tube. In general, iron-constantan 
thermocouples perform best in an oxidizing atmosphere. Conversely, 
some metals are so alTected by a reducing atmosphere that the measuring 
(haracteristics change. Chromel-alumel thermocouples are best suited 
for reducing atmsopheres. Thermocouples must therefore be chosen to 
lit the furnace atmosphere of the particular furnace. 

(2) When the temperatures are high for a particular thermocouple, 
recrystallizalion is apt to occur. Thus a change in the voltage-tempera¬ 
ture charac teristics takes place. 

(3) A high melting point is desired in order to avoid the possibility of 
< ()m|>lete destruction of the thermocouple. 

(4) Many metals are contaminated at high temperatures by the 
al)sorption of gases and other materials. This contamination changes 
the calibration of the thennocouples. 

1^5) A combination oi metals giving the highest possible voltage is 
desirable. A high voltage makes the use of more rugged instruments 
possible and imj)r()ves the sensitivitv. 
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(6) The thermocouples should be easily made and reproducible in 
order to permit interchaageability. 

(7) The thermocouples should follow the temperature changes as 
closely as possible in order that automatic temperature controls can hold 
the temperature within narrow limits. Large wdre and protective tubes 
tend to delay the temperature change of the wire. 

The choice of thermocouple materials is therefore based upon cost, 
constancy, and voltage characteristics. 

Voltage measurements. The voltage measurements are usually made 
by either the direct-reading millholtmcter or the more accurate potcnliom- 
eier, which compares the thermocouple voltage with that of a standard 
cell. The millivoltmeter measures directly the voltage across the hot 
junction; the potentiometer requires an adjustment for each reading. 

Recording devices. There is a variety of recording devices to choose 
from. They may in general be divided into two groups: (i) those using 
fluid ink in a pen which is constantly in contact with the chart, and (2) 
those which dot or print the chart by the periodic impression of an inked 
ribbon or carbon paper against the chart. This second group has three 
basic forms. The first is the print hafnmer, which may record the tem¬ 
peratures of several thermocouples on the same chart by means of a 
shifting multicolored ribbon. Each color represents one thermocouple. 
The second is the print wheel, which is a wheel having the type of several 
characters on the periphery. The wheel moves along the chart to indi¬ 
cate the temperature, and rotates to print the character which represents 
the thermocouple being recorded. The third is the depressor-bar type, 
which is particularly adaptable to the millivoltmeter or the galvanometer 
of a potentiometer. In this type, the millivoltmeter needle follows the 
temperature freely except when periodically pressed against the record 
by a depressor bar. 

Optical pyrometers. An optical pyrometer is an instrument for 
comparing the brightness of a heated body with that of a standard source. 
The comparison is usually limited to a small part of the visible spectrum, 
usually red, since that is the brightest color at the low visible tempera¬ 
tures. The brightness of a heated bod}' has a direct relationship to the 
temperature. Therefore, if that brightness is compared with the bright¬ 
ness of a calibrated standard, the temperature of the heated body maybe 

determined. 

There are two types of optical pyrometers: one uses a variable-inten¬ 
sity lamp as the standard source; the other uses a constant-intensity lamp 

the standard source. Figure 13-14 shows the optics of a pyrometer 
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with varial)le-intensity-lamp source. 5 is the hot body whose tempera¬ 
ture is being measured. L is the objective lens which gathers and 
(oncentrates the light on the filament of the standard lamp F. 5 is a 
battery, and C is a variable resistance which controls the current in the 
filament and consequently its temperature. E is the eyepiece, and Rha. 
filter which allows only red to pass through the telescope. The ammeter, 
A, has a scale which reads temperature. In operation, the telescope is 



focused on the source and the current is varied until the filament and the 
source are the same lirightness. This point is reached when the filament 
seems to disappear in the image of the source. The temperature reading 
on the ammeter scale is the temperature of the source. This is so because 
the brightness of the filament depends upon the heat supplied by the 
electric current. 

The constant-intensity-lamp type is diagrammed in Fig. 13-15. The 
optics of this type are the same as for the variable-intensity type. The 
<litT(*rence in this type is that the intensity of light from the source is 





Opticnl |>\TonitUcr with ccinstant-intcnsity lamp. 


varied until the filament seems to disappear. This intensity is varied 
by means of an al>sorl)ing wedge, the position of which indicates the 
lemiKTature. The thicker the wedge in the light path, the less the 
intensity of light from the source. 

Segar cones. Segar cones are cones made of materials of definite and 
varying melting points. Usually three of these cones are placed in a 
lurnace. 1 he melting points of these three cones vary slightly. When 
the lowest-melting-point cone melts, it indicates the approach of the cor¬ 
rect temperature; when the ne.vt cone melts, the correct temperature 
has been rea( lied It the last cone melts, the temperature is too high. 
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A variation of this idea is a series of erayons the marks from which 
disappear at a given temperature. These are used in lower temperature 
ranges. 

SUMiLVRY AXD DeFIXITIOXS 

The desired characteristics of a furnace are: 

fi) P'ast heating 

(2) Close control of temperature 

(3) Control of atmosphere 

(4) Uniform heating 

(5) High efficiency 

The general types of furnaces are: 

(1) Hearth 

(2) Liquid bath 

(3) Electric 

(4) Flame-hardening 

(5) Induction-hardening 

Atmosphere control may be obtained by enriching the fuel-air ratio, 
by introducing such gases as N2 and H2 into the muffle, and by the use of 
metallic lithium in the muffle. 

The choice of thermocouples depends upon their cost, their constancy, 
and their voltage characteristics. A’oltage measurements may be made 
by millivoltmeters or by potentiometers. 

The two general types of optical pyrometers are the variable intensit)' 
lamp comparison type and the constant intensity lamp comparison type. 

Problems 

1. What characteristics should a good heat-treating furnace have? 

2. Discuss furnace fuels. 

3 ‘ Compare the characteristics and uses of the open-flame, the semi¬ 
muffle, and the muffle furnaces. 

4 * Compare molten salts with lead for use in pot furnaces. 

5 ‘ Name and discuss the advantages of an electrically heated furnace or a 
fuel-fired furnace. 

6. Discuss the advantages and disadvantages of induction heating. 

7 * In what kind of work can flame-hardening be used to advantage? 

8. What is the purpose of atmosphere control? 

9 ‘ Discuss the use of lithium for atmosphere control. 

10. Describe how a hot piece of metal cools in a quenching medium. 

11. What are the desired characteristics of a thermocouple? 

12. Discuss the various types of recording devices used in pyrometr\’. 

13. What is the principle of an optical pyrometer? 



Chapter 14 

METAL TESTING 


Over a period ol many years, standards have been devised and accepted 
which make it possililc to have a universal understanding of specifica¬ 
tions. d'he setting up of these 
standards involved the choice of the 
most appropriate tests, the design of 
testing instruments, and the design 
of the most significant and reliable 
test sjiecimens. X-ray diffraction 
and spectrographic methods have 
been imjiroved sulTiciently to be 
used as routine checks on the grain 
structure and composition of metals; 
radiography and magnetic methods 
are used for the detection of defects. 
Many other methods have been 
developed for production checks on 
the comjiosition and grain structure 
of metals. These are based on the 
effects on the magnetic properties of 
a metal caused by the passage of an 
audio-frequency alternating current 
through a surrounding coil. \'eiA* 
brief descriptions of some of these 

f^'i'ts and inspection methods will be 
discussed in this chapter. Chapter 2 should be reviewed at this point. 

Hardness. J he most popular tests for hardness are based upon the 
ability of a metal to resist indentation, although some other tests in 
common use are based upon rcMlience. 

I he Briuca luirdm ss l.slrr consists essentially of an anvil for holding 
the specimen to be tested and a loading device which forces into the 
surface a hardened steel ball lo mm. in diameter. The area of the impres- 



li}-. i.ci. Hydraulic llriiKlI hard¬ 
ness tester, (.'tnirhsy Riclilf 
Marliiuis Division, Minhinc n>ui 

MfUils, Inc. 
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sion is the measure of the hardness of the specimen. The loading device 
is usually a hydraulic press; the load on the ball is indicated by a Bourdon 
gage or by the lifting of a dead weight, as is shown in Fig. 14-1. Loads of 
3000 kilograms for hard metals and 500 kilograms for soft metals are 
generally used, but since the hardness number is defined as the ratio of 
the load in kilograms to the area of the impression in square millimeters, it 
is not absolutely necessaiy^ to use these loads. 

The operating method is first to clean the surface to be tested, for if 
scale or sand is on the surface it may affect the reading. Next, the cor¬ 
rect load is applied; 30 seconds with the 3000-kilogram load, and 60 



Hg. 14-2. 


Brinell microscope. Courtesy liausch ^ Lomb Optieol Co. 


seconds with the 500-kilogram load. If a high accuracy is desired, the 
dead weight should be spun around to eliminate friction. Finally, the 
diameter of the impression is measured with a special microscope (Fig. 
14-2) and used in the following formula for the Brinell hardness number. 
The diameter to be used in the formula is the average of two readings 
taken at right angles to each other. 

P 

U = -j, - 

{D - 


where H = Brinell hardness number 
P = Load in kilograms 
D = Diameter of ball in milhmeters 
d = Diameter of impression in millimeters 
If test results are to be consistent, certain precautions are necessary. 
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The test should nut be used on steel samples less than one-half inch thick 
or sf) near to the edge that the edge bulges out. 

.Many tables have been published which give the relationship between 
the impression diameter and the hardness number, and also between the 
Hrinell hardness number and other hardness numbers. 






h.UllIu^^ U'Ur 


(. oiirlt.^y II :L\t>n .t/t.»/ Jn.-'trinnt iit C t*., hii. 


1 he Rochcci/ haniiicss Irslcr (h'ig. i4-,0 nieasures the residual depth 
ol ail im[)resslon whit li is made by a steel ball or a iliamond cone under 

w 

''pet ilietl load conditions. I he numbers are based upon the ditTerence in 
t he depi h of im[>ression ol a si>ecilietl major loail and a lo-kilogram minor 
hiad. 1 he oiieration ot tlie letter is lirst to apjily a lo-kilogram load. 
\\ hit h seats tlu' penel rator and tends to eliminate surface dilTerences, and 
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then to set the depth gage dial at the point marked ‘‘Set.” Next, the 
major load is applied and then removed. The major load is removed in 
order to eliminate the effect of the deflection of the tester frame. The 
dial reads the Rockwell hardness number directly. 

Before a specimen is tested, scale and rough surfaces should be 
removed by grinding or machining. There is a minimum thickness which 
can be tested with accuracy. The effect of the penetrator should not be 
noticeable on the back side of the test piece. W hen tests are made on 
curved surfaces, the radius of the surface should also be given. 

Several scales of Rockwell hardness numbers depend upon the size of 
the penetrator and the load. The choice of ..the scale depends upon the 
hardness and condition of the metal to be tested, but the B and C scales 
are generally regarded as standard. The B scale uses a 6o-kilogram 
load and iV-inch diameter ball penetrator; the C scale uses a 150-kilogram 
load and the diamond cone brale. 

When materials are too thin to measure with the standard Rockwell 
tester, a special tester can be used with loads as light as 15 kilograms. 
This is known as the Rocku'cll sufyerficial-harduess tester. 

The Scleroscope hardness number is based upon the rebound height of 
a diamond-tipped hammer which has fallen through a given distance 
upon the surface to be tested. In order to insure consistent readings, 
the surface should be smooth and level, and the instrument should be held 
steady. 

As a rough check on hardness, a file can be used. If a file has a hard¬ 
ness of about 65 C on the Rockwell C scale, any material the file does 
not scratch must be harder; any material it does scratch is softer. An 
experienced operator can estimate the hardness rather closely by the 
ease with which a file scratches the test piece. 

The Vickers Pyramid hardness testing machine is similar in theory to 
the Brinell tester in that the hardness number is based upon the ratio of 
the load to the area of the impression. The penetrator, instead of being 
a steel ball, is a diamond pyramid having an angle of 136° between the 
faces. The loads can be varied from i to 120 kilograms, according to the 
thickness and hardness of the material to be tested. This type of tester 
has the following advantages: 

(1) The impressions are geometrically similar for all depths of 
penetration. 

(2) The deformation of the diamond is practically zero. 

A very small Vickers type brale is sometimes used for micro-hardness 
testing. Such a tester can measure the hardness of individual grains, 
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thus making possible a differentiation between the hardness of different 
grains rather than taking an average value for several grains. 



l i^. 14-4. JVnsilc specimen. 


Tensile tests. The tensile test is perhaps the most useful of all the 
tests from a design point,of view. Pulling one standard specimen in 

such a manner as to give a good 



stress-strain diagram will give the 
following infonnation; modulus of 
elasticity, approximate elastic limit, 
yield ])oint. ultimate tensile stress, 
breaking stress, reduction of area, 
percentage elongation. Other infor¬ 
mation can be obtained from the 
type of fracture. 

Usually the test specimen is made 
to a standard specification, such as 
that shown in Fig. 14-4. Sometimes 
specimens of casting metals are made 
in a mold and tested without ma¬ 
chining. The usual gage length for 
obtaining the percentage elongation 
is two inches. Punch marks two 
inches apart are made on the speci¬ 
men before it is pulled. To find the 
pemianenl elongation, the distance 
between the marks is measured 
after the specimen is fractured. 

In order to plot a stress-strain 
diagram, the strain for each stress 


I Iwo-itu h dial avcrajiing 

cxfcn^omcUT. Court,sy Kirlilc /V.v/n/^i; 

.\f,uhiu, s Division, Anu ritan .\fu,/iinc uml 
I tills. In,-. 


reading must be recorded. Both 
mechanical and electronic recorders 
are available which automaticallv 


plot the cur\'e. Another method is 
O US.- an .-xtonsometer (Fig. ,4-5) to obtain the strain as the corresponding 

loads are read from tlie load dial. Ordinarily, the unit stresses are used 
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for the ordinates of the curve; unit strains are used for the abscissas. 
This system makes possible the easy comparison of curves from different 
sources and from different sized specimens. 



LOADING UNIT 


PENDU.LW INOtCATiNG PUMPING UNTT 


A—rolUr b^orin^ gulJ#. ^ - . 

ft—grJpi N—Supply UodiA9 orlfic* 

C-Upp., ,o;d, fclUr.. O-hdic0.«r rock. 

D—Upp#, puli;«9 h,od P—lad.eolor rock tupportln^ roller. 

£-No«.,ofoU, u,.. 

. .-. 

&_Wofm g.g,. T—Seolo roago l•l•eter. 

H-Lo-er pwl|.«, K.od U-Hoad-K..I for ttoplou ro9gtoi;on of tatilag tpoodt. 

I-Solid comp,.,.io„ fool. ^ leod por miaufo of pociag diic. 

^“Compronion g^d franivaris fnkls oolirig fypo mooiuriag cyliador uai( IroawniHiao lood fo 

I,- c L i Pendulum. • 

Sph^nco» *0 <tnur of pU^o,. X-^ndwIym orm, 

L—^loolm^ pccUoM torn. v a 

«-Oil Bn. 

' z—or powof ynit. 

l)i;if-r;un of hydniulic ti-sling machine. CoiirUsv RithL T,sthi& .!/4ifAim.v 
Division, .Im.T/o/r; Machine and Metals, Inc. 


' 4 - 


I’he stress-strain cur\-c gives information concerning the modulus of 
i lasticity, the yield point, the ultimate stress and other points, but some¬ 
times it is not convenient to take the necessarj- data. Since some 
specit,cations ask only for the yield stress and the ultimate stress, a 
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Fig. 14-8. Hydraulic testing machine. Coiirtisy Kit/tlc 'Iislhifi Division, 

Ann rictiH }[oi'liiiic tind Mtldis, Inc. 

simpler method can be used. The ultimate stress can be read directly 
on the load dial, and the yield stress can be found by use of a pair of 
dividers. A prick-punch mark is 
made near one end of the specimen 


and the dividers are set at two 
inches. One point of the dividers is 
set in the punch mark and the other 
end is used to scratch a mark on 
the specimen. The load is then 
slowly applied, and the free point 
of the divider continuously scratches 
the specimen. The moment it is 
noticed that the scratch is widening, 
the yield point has been reached. 
Actually, a strain exists before the 
yield stress, but it is so small that 
it is not noticeable. The reduced 
diameter for figuring the percentage 
reduction in area is found by placing 
the fractured parts together and 
measuring the minimum diameter of 
the necked-down section with thread 

micrometers. 



Fig. I4*9- Torsion testing machine- 
pendulum indicator type—capacity 10,000 
inch pounds. Courtesy Riclilc Teslin- 
Machines Division, American Machine and 
Metals, Inc. 

is available, ranging from 


A great variety of tensile testing machines 
the small hand-operated testing machine, such as Fig. i4"d, to the huge 
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()oo,ooo-i)()un(I hydraulic ma< hincs. 'I’hc dials on the hydraulic machines 
may be pressure connected directly to the oil cylinder, or they may 

be actuated by the motion of a dead-wei'^ht pendulum which is swung 
out by the oil pressure. The latter method, shown in Figs. 14-7 and 
14-8, is the more accurate. Some of the older-type machines use a 
balancing beam, but readings are harder to obtain while the machine is 
in motion. 



I'il!. l.l-io. IniiMCl U-sliT. C,mrl,s\- liHiiis ()/<■ „ r, ,ll,if .\l,i,hh,r Co. 

Torsion test. I ho torsion tester (I' ig. 14-0) measures the angle of 
twist for a given torque in a test speeimen. These data can in turn be 
used to dclernune the modulus of rigidity and the shear stress of a metal. 

Impact test. The impact test is a te.st to show the resistance of a 
metal to shock. Sevr ral shapes of impact specimens are used to indicate 
the resistance under bending, shear, aiul tension. T'.ssentially, the impact 
testing mat hine is a pendulum (Tig. 14-10) which swings freely through 
an arc if no test .siiecinieii is placeil in the vise or fixture. The specimen 
IS placed at the low point of the swing so that the energ)- of the pendulum 
as It strikes the sjiec inu ii is measured by the height from which it started 
the swing. 1 he ludght to which the pendulum swings after the impact is 
then measured. 1 he dilleiviue between these two heights is the energ>- 
used up m breaking the specimen. 'This absorbed energv is a measure of 
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Courtesy Tinius Olsen Testing Machine 


Fig, 14-11. (a) Izod fixture, (b) Charpy fixture 
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the brittleness or toughness of a metal. If the metal is brittle, it snaps 
with the use of little energy, but if it is tough, the pendulum is in contact 
with the specimen for a longer period of time and thus more energy is used. 

The two common types of impact tests are the Izod and the Charpv 
Icsts. The Charpy test specimen is a simple beam; the Izod is a cantilever 
lieam. Figure 14-11 shows these specimens in the fixtures. 

Fatigue tests. Applications of metals such as crankshafts, cylinder- 


1^ - ^ head studs, and springs 

D ])=@=]^ ^ ] which are under repeatetl 

I-^ j_stresses require a know- 

\\ --- \ -rr highest stress 

J_ at which the metal will 

I withstand 10,000,000 or 

more reversals of stress. 
J IJ This stress is called the 

I iK. .4 . .. Rotating beam fatigue tester. <^"dura,ice OT faligue limit. 

There are many types of 
fatigue testing machines for testing rods, wires, flat metal, and springs, 
which produce the stress at a rapid rate. 

The rotating simple-beam type of fatigue tester is shown in 
Fig. 14-12. The weights produce a bending moment in the beam 
which in turn produces a stress throughout the beam. This stress 
is a maximum in the extreme fiber (on surface). Another rotat¬ 
ing type uses a cantilever beam. Flat test pieces have one end 
fastened in a vise and the other 

attached to an eccentric which 
bends the specimen. The ^ 

length, cross section, and ^ 

amount of bend determine the _ 

maximum stress. f "ENDURANcruMiT 

To determine the fatigue | 

limit, several similar specimens 
are tested at varying stresses. 

stress is found at which one --- - 

will break, then the stress on 

each succeeding specimen is i ig. l^ndurancc curve. 

reduced until a stress is found below which the specimen will not 
fracture at less than io,ooo.cxx> reversals of stress, and over which it 
will fracture. The usual practice is to plot the stress as ordinate and 
the number of e>cles as abscissa on semi-logarithm paper, as showm in 
•ig. 14-1.;. Creat care must he employed in finishing the surface of 


ENDURANCE LIMIT 


CYCLES 


Mg. 14-13. Kndurance curve. 
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fatigue test specimens, since a small surface scratch may affect the 
results by as much as 20%. 

Creep test. The development of high-temperature steam systems 
and of jet engines for airplanes increased the need for a knowledge of the 
effect of temperature and time upon the slow elongation of metals under 
stress. Many factors affect the rate and amount of creep. Among them 
are: manufacturing process, chemical composition, heat treatment, grain 
size, and duration of test. The list indicates that creep can be a some¬ 
what controlled property if sufficient knowledge is available. Creep 
tests require thousands of hours per test. 



Fig. 14-14. Sheet-metal fatigue tester. Courtesy Krousc Testing Machine Company. 


Magnaflux. This test is a method of detecting surface and subsurface 
flaws in magnetic materials without destroying the test piece. It is used 
for routine inspection of airplane and automobile parts, where a fla\\ 
might have serious consequences. The part to be inspected is flooded 
with oil in which fine iron filings are in suspension. Then a high mag¬ 
netic flux is passed through the piece. Wherever a flaw exists, the iron 
filings will collect in an effort to make the magnetic path easier. These 
filings appear as a dark mark to indicate the flaw. The parts may have 
to be passed through a demagnetizing coil if they have any residual 

magnetism. 

Radiography. X-rays, which emanate from a target bombarded by 
high-speed electrons, and the shorter wave-length gamma rays, which 
emanate from radio-active materials, have very high penetrating powers. 
This penetrating power is used in the inspection of metals for interior 
flaws. If a permanent record is wanted, the rays are passed through 
the work-piece, and then are permitted to strike a light-sensitive film or 
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paper. Since the length of path within the material and the kind of 
material affect the strength of the ray as it leaves the work-piece, the 
film will indicate any change in the kind and thickness of the material. 






f’lK' hd C'niss sctlion nf 

showing more infortiKition llKin ai)|H-ars it) (n) 
trie X-Kiiv Cortf. 


area, (b) Radiograph of ^amc section 
J*hotoi;riip/i 5 through eourtesy Generiil FJ((~ 


It follows that inclusions an.l Haws will show up on the lilm as is shown in 

14-15- 

For high^.roduction X-,ay inspection work, the parts can be passc-d 
between the X-ray tube and a tluo.oscope on a conveyer. The llurL-ope 
provides v.sual inspect,on as t he image nunes across the screen 
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Since radium or other radio-active material emits gamma rays which 
are very penetrating, such materials can be used on thicker work-pieces 
than is possible with the X-ray. The process of obtaining a film is some¬ 
what the same as that used with the X-ray. Radio-active material is 
costly and the supply is limited, hence many users lease small quantities 
when it is needed. 

The use of radiology requires special precautions such as lead-lined 
rooms and remote control apparatus, since the 
rays break down the white corpuscles of the 
blood. Too much exposure to the rays can 
prove fatal. 

Supersonic inspection. A lately developed 
method of inspection for flaws uses supersonic 
waves. A very high-frequency sound wave is 
projected into the test piece. At points where 
a flaw or an outer surface exists, a wave will be 
reflected. If the speed of the wave and the time 
for it to return are known, then the distance to 
the reflecting surface can be determined. The 
speed of the wave depends upon the material, 
and the time can be determined by suitable 
instruments. Figure 14-16 shows how a vibrat- 
ing quartz crystal sends a sound beam into the 
test piece and picks up the reflected ray. The 
frequency of the sound varies from 500,000 to 12,000.000 cycles per 
second. 

Magnetic analysis. Composition, heat-treatment, thickness of case, 
flaws, and inclusions all affect the magnetic properties of steel. This 
fact is used in several makes of equipment for high-speed-production 
inspection operations. Essentially, the apparatus consists of two similar 
coils into which specimens known to be good are placed and through which 
an alternating current is passed. An instrument is then electrically con¬ 
nected between the two coils and adjusted to show a balance. One of the 
good specimens is then replaced by the work to be inspected. If the 
instrument shows unbalance over a specified amount, the part is rejected 
as being too different from the acceptable part. 

This method provides a very rapid inspection method but it does not 
indicate the cause of the rejection. 

Spectrographic analysis. The spectrograph provides a rapid means 
for both qualitative and quantitative analysis of metals. It is generally 
used as a preliminary step to chemical analysis, since it shows the elements 



wave reflected from defect 
is shorter than that from 
opposite side. 
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firesent and their approximate percentages. Qualitatively, it is more 
accurate than chemical analysis for small percentages. 

The method is based on the fact that every element, when vaporized 
I>y heat or electric spark, emits light that has the definite combination of 
wave lengths characteristic of that element. Light, as it passes through 
a prism or a diffraction grating, liends through angles which depend upon 
the wave length of the light. Thus it is possible to separate the charac¬ 
teristic colors. If the refracted light then hits a photographic plate 
(Fig. 14-17b lines will show up at the light concentrations. The distance 

between these lines and their relative positions indicates their wave 
lengths. 

When quantitative work is being done, the control oftheexposuretime, 
the flcveloping conditions, and the arc mu.st be ver>’ dose, since a com- 



^ * 4 ’* 7 * ^ essential parts of a prism spcclograph. 


parison method is used. The quantity is detennined by comparing the 
(iptical density of the lines of each clement with the density of a film of a 
known specimen. The smaller the percentage, the weaker the line. 

X-ray diffraction. This is a method of analyzing crystals on the basis 
of the arrangement of the atoms and molecules and the distances between 
them. Since X-rays have short wave lengths compared to atomic 
siiadiigs, and since they alTect photographic films, they may be used to 
investigate submicroscopic particles. Alany properties of a metal 
depend upon the arrangement and the distances between the molecules 
and atoms, t herefore, a determination of these items can help to predict 
properties and to explain the existing properties. 

I'hc analysis consists of directing a beam of X-rays into a sample 
where some rays are reHected from successive layers of atoms beneath 
I he surface as well as from the surface layer. If the sample is thin other 
M> s ma)- pass all the way through. The rays affected by the sample then 
'all upon a j,holographic him and produce a definite pattern of lines or 
1 -nls. I hese patterns ,an he analyzed to gain the desired infonnation. 
Analysis of residual stress. The determination of the presence and 
majrn.tudc. ol residual stresses in metals is of great importance in 
'-t and hca,-,r..ated parts. Two general methods are in use. In one 
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the change in the distance between two points is measured as the stress 
is relieved; in the other, small sections of the metal are cut free and 
allowed to bend to relieve the stress. 

The change in distance can be measured by means of special exten 
someters or by uire-strain gages^ and the stress is relieved either by cutting 
away the surrounding material or by annealing. The stress can be 
figured by using the relationship: 

unit stress 
unit strain 

In the second method, the stress can be detennined by figuring the stress 
in the metal if the small piece were bent back to its original position. 

SUAtMARY AND DEFINITIONS 

Hardness is, in general, determined by indentation under specified 
loads or by resilience. 

Tensile tests give the tensile strength, the yield strength, the modulus 
of elasticity, breaking stress, elastic limit, reduction of area, and the 
percentage elongation. 

Torsion tests determine the shear stress. 

Impact tests determine the toughness of a metal as indicated by the 
energy absorbed upon impact. 

Fatigue tests determine the ability of a metal to withstand repeated 
stresses. 

Creep tests show the behavior of a metal when under stress at high 
temperatures. 

Magnafiux tests locate flaws in a magnetic metal without destroying 
the part. 

Radiography is the taking of pictures of X- or gamma rays after they 
have passed through the work-piece. Since the density of the silver on 
the film is affected by the thickness and the density of the metal, flaws 
may be detected. 

Supersonic inspection is used to locate flaws by means of reflected 
high-frequency sound waves. 

Magnetic analysis compares the magnetic properties of a known piece 
with those of the test piece. 

X-ray diffraction determines grain structure by means of the pattern 
of diffracted X-rays. 

Spectrographic analysis makes use of the fact that each element emits 
light of definite wave lengths when luminous in a vapor state. 


Modulus of elasticity 
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Problems 

1. ('ompare the different methods of hardness testing. Under what 
< on(iitions can each be used to best advantage? 

2. What properties can be determined in a tensile test? 

3. Why is it necessary to specify all the conditions under which a test is 
made? 

4. What is the main difference between Izod and Charpy impact tests? 

5. Under what conditions would the endurance limit be the limiting 
stress? 

6. When would creep tests be important? 

7. What precautions are necessary in radiographic work? Why? 

8. What is the difference between X-ray and gamma ray radiography? 

9. Explain how sound is used in the detection of flaws. 

10. What are the advantages of X-ray diffraction over other methods of 
analyzing metals? 

11. What fact is spectrographic analysis based upon? 



Chapter 75 

METALLOGRAPHIC INSPECTION 




Many tuies metallographic inspection is the only method by which the 
properties of a metal can be explained. It can show grain size and shape, 
inclusions and segregations, and other factors which govern the physical 
characteristics of metals. This chapter describes the laboratory proc¬ 
esses and the equipment used in macro- and micro-examination. 

The steps in both types of investigation are: 

(1) Obtain sample. 

(2) Polish sample. 

(3) Etch sample. 

(4) Inspect sample with proper magnification. 

(5) Photograph sample if a permanent record is desired. 

Macro-inspection is inspection by the naked eye or by magnification 
up to loX; micro-inspection uses magnifications beyond loX. 

Obtaining samples. After determining the purpose of the investiga¬ 
tion, the next step is to obtain a sample which illustrates the point in 
question. If the purpose is to investigate a failure, samples should be 
taken not only near the failure, but also far enough away to show the 
character of the sound metal. 

Specimens of heat-treated metals should include some surface metal 
so that the effects of decarburization, carburization, and other surface 
changes can be studied. In investigating for segregations, samples from 
many points should be obtained and should be compared as to the amounts 
of each constituent present. Metals having grains with directional 
characteristics should be studied with samples both with the grain and 
across the grain. This type would include cold-worked and forged metals. 

Definite practical limits to the size of a specimen exist. The maxi¬ 
mum size should be about one inch square; if it is larger, scratches are 
hard to eliminate, inclusions are more easily dislodged, and the time for 
grinding and polishing is excessive. A specimen less than one-quarter 
inch in diameter is difficult to polish without rounding the edges, especially 

when it is polished unmounted. Mounted specimens may be smaller. 
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I he method of obtaining the sample piece from the parent metal 
(lei)en(ls somewhat upon the size of the parent metal and the location of 
the sample. Regardless of the method of obtaining the sample, the 
metal must not l)e dragged or heated. Dragging rearranges the cr)'stal.« 



I 'iy I s I 


i-utniY imu lune showing vise in loading |x>dtion. \'ise lowers under 
co(»l;uU. Coiifhsy Pnrision Si icnlifu- Company. 

'‘■'•I nu lusioiis, and healing may change the cr>'stal structure. Samples 
( ati bi ( ut awa} by a well-lubricated hacksaw, a cutofT machine, or, away 
I lorn t iu edge, by llame-cutting. Since flame-cutting heats the metal 
(.\i t ssi\(.l\, a large piet e should be cut by flame and then trimmed to size 
l>> a luu ksaw or preferably by a cutoff while submerged in water. The 
(utoii wluil not only cuts a Hat surface but also eliminates the necessity 
h>r rough grinding. A cutoff machine is shown in Fig. 15-1. 

Mounting specimens. Altliough certain types of specimens can be 

| < 1. K (1 unmounted, the best results are obtained when they are mounted. 

r( gu ar \ shaped pieces such as screws can be successfully polished when 
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mounted in plastics. The mountings tend to prevent rounding of the 
edges and give the necessary' flat surface. 

Included among the several mounting materials are soft metals, 
Bakelite, Lucite, and Tenite. The hard plastics are easy to mold, and 
do not smear the specimen as do the soft metals. Bakelite is preferred 
to other molding compounds, 
but Lucite is excellent if it is 
desirable to see the whole speci¬ 
men. Several small specimens 
may be placed in one mold. 

Special mounting clamps 
have been designed which 
clamp the specimens firmly in 
place without the use of plas¬ 
tics. These clamps can be used 
for hand polishing, but they 
give better results in polishing 
machines which hold the mount 
level at all times. 

Several plastic mounting 
presses on the market are 
nearly automatic. Figure 15-2 
shows a press with a thermostat 
control and a fluted block for 
fast cooling. 

If the specimen is small and 
the edges must be preserved, it 
is best to copper or nickel elec- Mr. 15-2- Press for mounting specimens in 
troplate the surface before Couriesy BuchU. m. 

cutting off the sample. This plating strengthens the casing and prevents 
chipping. 

Facing. Cutoff wheels usually eliminate this step, but it is needed if 
a hacksaw has been used to cut the specimen. Facing is essentially a 
first step-in obtaining a flat smooth surface. It can be done by use of a 
file, a facing stone, a belt grinder, or by machining. If a file is used, it is 
best to place the file flat on the bench and rub the specimen over the file 
in one direction. This arrangement tends to reduce the possibility of 
rounding the edges. Facing or grinding stones tend to fill up with metal 
quickly and to develop a wavy surface. Therefore they need frequent 
dressings to keep them in good order. Belt grinders have proved satis¬ 
factory if the belt is changed frequently. 
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Care is extremely important in facing, since overheating or scratching 
too deeply may alter the structure sufficiently to spoil the sample. 

Grinding. The next step in the preparation of a specimen is the 
removal of all hut the linest scratches. The surface should be left in 
such a condition that the final polishing steps will require a minimum of 
time. 

In all grinding and polishing operations, clean specimens and clean 
hands are of the utmost importance. One piece of coarse abrasive carried 
over to a fine abrasive step may necessitate repeating the previous step. 

Several methods of grinding specimens have been developed. A few 
of them will be described. The hand method requires the least amount of 
equipment, but it is tedious and expensive from a labor standpoint. In 



I 'K i.S'.e .Mniinted si>ccimcns in hand jKdishiiig lixturc. CoiirUsy Pnrision Sdetilijif 

Conip<iny. 

the hand i^rocess, emery paper is placed on a flat piece of wood, metal, or 
glass, and the sjiecimen is rubbed carefully back and forth over the sur¬ 
face. Care must be taken not to overheat the surface by rubbing too 
fast aiKl not to round the edges. Usually at least four grades of paper are 
used: Nos. i, o, 2/0, 3/0, and sometimes 4/0. When the change to a 
liner jiaper is made, the piece should be rotated 90° to make it easier to 
see when the scratches from the prc\'ious operation have disappeared. 
Scratches should never be carried over two grades of paper. 

I wo t>pes of machine grinders using emer>' paper up to 3/0 are 
available. One is the bell grinder .shown in Fig. 15-4; the other is a disc 
grinder having four grades of pajier on the four sides of the Bakelite discs 
(l ig. i5-5h Either type is faster than hand polishing, but there is some 
danger of overheating the specimen. The surface speed, when a disc 
ginider is used, can be reduced by working near the center of the disc. 
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Paraffin discs are sometimes used, especially for the softer metals. 
Such discs are made with concentric grooves to hold the water and 
abrasive. The abrasive is in suspension in the water which is frequently 
sprinkled over the surface of the disc, and the paraffin lends to hold the 
abrasive in place. 



15‘4- Belt grinder. Courtesy BuchUr LUL 


Lead discs or laps can also be used with excellent results. The 
abrasive for this type is mixed with a thin, fast-drying varnish and then 
spread over the lap. The varnish holds the emery or tungsten carbide 
particles in place during the grinding operation. 



Fig- 15-5. Disc grinder using four grades of paper. Courtesy Buchlcr LUi. 


A faster and more automatic method has been developed which uses a 
series of about four laps in a grinding and polishing machine that can 
work several specimens at once. These four laps carry through to the 
ffiush polish. Figure 15-6 shows such a machine. The laps used are 
usually crystolon stone lap, levigated alumina stone lap, wax lap, and 
felt lap, although they may vary with the metals being polished. 
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Polishing. Polishing removes the scratches left by the grinding 
operations. Sometimes it is best to use a rough polishing operation 
before the final polish. This operation requires the use of No. 4 0 




Auioniatic pdlishing machine showing specimen holder and lap. CottrUsy 

Prnisioii SciiUtiJic Com pit ny. 


pajiers, or No. Ooo emery, 
met hods im hide: 


or tungsten-carbide powders. 


The polishing 


' I) Dry. loose powders on Idlliard cloth or canvas; this method pro- 
diiees a good Imish. but it may dislodge inclusions. 

(2) (iiinding papers; can be used where inclusions are being studied. 

(,D Wax or paratfm laps: a good method for both the retention of 
iiu lusions and a gootl polisli. 

(4) Lead laps: this method produces a good finish, retains the inclu¬ 
sions. and makes a Hat surface. 

I he speed of iiolishing dei>ends upon the metal. In general, it can bc' 
>.iid that slow pohsliing s(>eed> should lie usi'd for soft metals and metals 
with HU lusions. If <»n|y one motor speed is available, the spivimen can 
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be moved near the center of the lap for low-speed polishing, and near 
the edge for higher speeds. 

The final polishing is done on soft cloth wdth ver>’- fine finishing 
powders, such as levigated alumina magnesia, or rouge. If the metal 
contains inclusions, the cloth should be the harder silk, heavy cotton, or 
linen, but if a high polish is desired, the softer broadcloth, “kitten's 
ear,” or chiffon velvet are better. 

Figure 15-7 shows a polishing machine with two speeds so that it can 
be used for both hard and soft metals. 

After the final polishing operation, the specimen should be washed in 
alcohol and dried with a soft cloth or an air blast. Nothing should touch 
the polished surface, particularly one’s fingers. 



I’ig. 15-7. Two-spccd polisher. Courtesy 

Buchlcr Ltd. 



l-'ig. 15-8. J'ilcclro-polisher and etching 
machine. Courtesy Central Scientific Co. 


Etching. In order that the different constituents may be seen through 
the microscope, the different constituents as well as the grain boundaries 
and inclusions must have contrasting appearances. The contrasts are 
produced by using chemical reagents which attack the various constitu¬ 
ents at different rates and in different ways. Many etching reagents 
have been developed to give specific results. A list of these reagents with 
their applications is given in the Metals Haytdhook of the American 
Society of Metals. 

Electrolytic etching is accomplished by using the specimen as the anode 
and by passing a small electric current through an electrolyte of weak 
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acids, alkalis, or other solutions. The constituents of the specimen are 
attacked at different rates. Contrasting appearances are thus produced. 

One electro-polisher on the market (Fig. 15-8) combines the polishing 
and etching operations. The specimen is prepared in the usual manner 
up to grinding on 2/0 or 3/0 paper. Ne.xt, it is electrolytically polished 
and etched, and is then ready for microscopic inspection. The operation 
takes about a minute. 

After etching, the specimens should be thoroughly washed in alcohol 
and dried by air blast, soft cloth, or lens tissue. Nothing should be 
allowed to touch the etched surface. The surface may be protected from 
the atmosphere by an application of thin, transparent lacquer, although 
the lacquer may reduce the contrast and detail. 

Microscopic inspection of specimens. In microscopic inspection, 
the microscope should be adjusted and the specimen illuminated to give 
the greatest detail. 

In general, the higher the magnification of the microscope, the finer 
the detail that can be seen. However, limiting factors do exist. One is 
called resolution, which means the ability of the microscope to separate 
lines placed close together. A second factor is the depth of focus, which 
indicates how much of the depth of a rough surface can be in focus at one 
setting of the microscope. The depth of focus decreases as the magnifi¬ 
cation is made larger, although this aberration can be somewhat cor¬ 


rected by decreasing the area of the lens in actual use. This action is 


called "‘stopping it down.” 


Distortion and resolution will be reduced at 


the same time. 


I he type of lighting has a veiy' large effect upon the detail shown in 
the image of the specimen. Several types of illuminators are used; 
plane-glass vertical illuminator, prism vertical illuminator, conical 
illuminator, dark-field illuminator, and polarized light. 

I he prism illuminator is shown in Fig. 15-9. It can be seen that the 

prism blocks out about one half the lens. This blocking has the same 

elTect on the resolving power as stopping down the lens, that is, it reduces 

the resolution. I he plane-^lass illuminator is shown in Fig. 15-10. In 

this type, the whole lens is used. A small amount of light from the source 

IS rellected by the glass through the object lenses, and onto the specimen. 

1 lie light rellected ironi the specimen then again hits the plane glass; a 

small part is reflected, but most of it passes through. Sincx' the whole 

lens IS used, the resolving properties are better than those of the prism 

illuminator. I he plane-glass type requires a stronger light source than 

the pnsm type because only a small jx'rcentagc of the source light is 
rellected to the specimen. 
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Contrast can be increased by eliminating the center rays of the light 
from the source by means of a small disc placed in their path. This 
system is called conical illumination. It increases the contrast by 
having all the rays strike the specimen at an angle. 

The foregoing types of illumination are called direct iiluniination 
because the light strikes the specimen from the objective lens and is 



Fig. 15-9. Prism vertical illumination. Fig. 15-10. Plane-glass vertical illumina¬ 
tion. 


reflected back through the lens. In direct illumination, the matrix or 
background reflects light and is therefore bright. The structures have 
sufficient angle to cause the reflected light to miss the lens, thus making 
them dark. 

Dark-field illumination is the opposite, since light strikes the specimen 
from an angle rather than perpendicularly, hence the background is dark 



(a) 

Fig. 15-11. (a) Direct illumination, (b) Dark-field illumination. 


and only the structures reflect light through the objective lens, as shown 
in Fig. 15-11. 

Polarized light is used with microscopes in the identification of inclu¬ 
sions and constituents. It is a subject beyond the scope of this book. 

Correct magnification. In general, the best results are obtained by 
using the lowest magnification which will show clearly the details under 
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investigation. However, certain limits exist, both upper and lower, 
which depend upon the particular lenses being used. The lower limit is 
400 times the numerical aperture (N.A.) of the objective, since at least 
that magnification is needed to make it possible to see the detail as 
resolved by the objective. A normal upper limit is 1000 N.A. with an 
achromatic lens, if a sharp image is to be retained. 

Films and filters. Different types of films are most sensitive to 
different wave lengths (colors) of light. Since short wave lengths give 



(>/>//« .»/ Co. 


the best resolution, lilms sensitive to short wave lengths as well as the 
longer wave lengths should be used. If the metal has various colors, 
filti rs width e\'en the effect of the dilTerent wave lengths on the film 
should be used to give a true picture of the specimen. In other words, 
(he hlter choitv is determined by the film, the specimen, and the light 
sourtf. 1 he t hoiie of printing paper depends upon the contrast desired. 
()tten insutlicient tonlrast due to poor illumination can be compensated 
lor by t boosing a high-contrast paper. 

Microscopes, figure 15-1’ shows a microscope ^Yhich can be used 

separately lor visual examination or with the camera for photomicro- 

grapliit woik. for direct illumination, a vertical illumination unit must 
be used. 
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15-13. iMetalloscopc for research work. Courtesy Bausch 6* Lomb Optical Co 


15-14. Camera for low-power photomicrography. Courtesy Bausch 
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I-'igure 15-13 shows a large metalloscope which is mounted on a 
vibration-absorbing mount. Both high and low magnifications are 
possible \nth this equipment. 

Macro-inspection, Often defects, flow lines, inclusions, and depth 
of casings which would othei^vise be invisible will appear if the metal is 
etched with a deep etch using a 10% solution of nitric acid in alcohol. 
If a very deep etch is desired, a 50% solution of hydrochloric acid in 
water at about 170 F can be used. This process is used to bring out flow 
lines in forgings. 

Some specimens can be etched directly after grinding or machining, 
but others need to be line-ground to bring out the detail. 

Special cameras with magnifications of from iX to 40X are made for 
macrophotography or for low-power microphotography. Such a camera 
is shown in Fig. 15-14. 

DkFINITIONS and SlT^RLARY 

T he steps in microphotography are: 

(1) Obtain sample. 

(2) Polish sample. 

(3) Etch siimple. 

(4) Inspect sample with proper magnification. 

(5) Photograph sample if a permanent record is desired. 

In preparing the specimen: 

(1) Do as little work on the specimen as possible. 

(2) Round the edges of the mount to help the even flow of abrasives. 

(3) Use as small a specimen as possible to save time. 

(4) Wash thoroughly after each step. 

Microscopic e.xamination requires correct 
lication for the best results. 

Problems 

1. List the steps in micropholography. 

2. Distinguish between micro and macro photography. 

3. Discuss tile metliods of obtaining samples. 

4. Why is cleanliness so important in preparing a sample? 

5. Why are metals etched before microscope inspection? 

6. Why is macro-in>peclion used? 

7- Discuss the tyiies of microscope illumination. 

8. What is resolution? 

9. What is depth of focus? 

10, List and discuss several iiolishing methods. 


lighting and correct magni- 
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Outline of Chemistry 

Chemistry deals with the properties of homogeneous bodies and with the 
changes which alter the identity of these substances. 

Matter, from a chemical viewpoint, is made up of two types of substances: 
elements and compounds. An element can be defined as a substance which 
cannot be separated by ordinary chemical means into substances having 
properties different from itself. 

A compound is a substance formed by the chemical combination of ele¬ 
ments. It has definite proportions of the elements by weight. The pro¬ 
portions and properties of a compound are always the same regardless of the 
method of making the compound. 

Chemical changes can be thought of as the redistribution of atoms or 
groups of atoms. An atom can be defined as the smallest particle into which 
an element may be divided and yet retain its properties. An atom may be 
divided, but the properties change. A molecule is the smallest particle into 
which a compound may be divided and yet retain the properties of the com¬ 
pound. A molecule is made up of a definite number of atoms. Conse¬ 
quently, elements in a given compound have definite proportions. 

Each element has a symbol (Fe for iron). The symbol indicates several 

things; 

1. The element itself. 

2. One atom of that element. 

3. The atomic weight of the element. 

The atomic weight of an atom is the relative weight of an atom of a sub¬ 
stance compared to the weight of an atom of oxygen. The atomic weight of 
an atom of oxygen is assumed to be 16. Molecular weight is the sum of the 
atomic weights of all the atoms of a molecule. 

A subscript on a symbol, such as O2, indicates the number of atoms of 
that substance in a given molecule. 

The relative number of atoms in a material can be shown by a formula, 
which is always the same for a given substance. For instance, hemetite has 
the formula FeaOa, which means that a molecule of hemetite contains two 
atoms of iron and three atoms of oxygen. Since the atomic weight of iron 
is about 56 and that of oxygen is 16, there must be 2 X 56 = 112 parts by 
weight of iron, and 3 X 16 = 48 parts of oxygen in the compound. The 

11 2 

percentage of iron by weight would be - - —- X 100 = 70%, and the 

112 + 48 

48 

percentage of oxygen would be-;—- X 100 = 30%. 

112 + 48 

Chemical equations show the chemical changes that take place in a reac¬ 
tion. The equations are made up of formulas. Because of the law of con¬ 
servation of mass, which states that the total mass of the substances entering 
into a chemical reaction equals the total mass of the products (neglecting any 
difference due to change in energy), a definite equation of atoms can be made 
up. 'These equations, which describe chemical reactions, must have the 
same number of each atom on each side of the equation, and, as a result, the 
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siimc weight of material. In order to show the same number of atoms on 
each side of an equation, a process known as balancing the equation is per¬ 
formed. -As an example, in a blast furnace, carbon takes the oxygen from 
P2O5 to make CO and leave phosphorous: 

P2O;. + C -> 1 > + CO 

A count of the atoms of each element on each side of the arrow shows they 
are not equal. There must be five atoms of O on the right side as well as on 
the left. Then. 


I’-O, + C — I* + 5 CO 

* 

Also, there must be two atoms of phosphorous on the right side, 

I'sOi + C ^ 2 P + 5 CO 

Checking over the equation shows that only carbon is unbalanced. 

P2O6 + 5 C - 2 P + 5 CO 

'I'his last equation is a true equation and is balanced. 

Kquations can be used to predict results and to figure amounts of material 
involved in a chemical reaction. The prediction of products is somewhat 
beyond the scope and need of this outline, but the figuring of quantities of 
material is of definite interest. 

Two chemical reactions are of major interest to the metallurgist: one is 
reduction, and the other is oxidation. Reduction is the decreasing of the 
oxygen content of a compound, and oxidation is the increasing of the oxygen 
content of a compound. 


I'.xamplc: 

(iivfn the ctiiiipnund hcnu'litc Kc^Oj. How much carbon would he requirc<l to 
completely reduce the material to get 100 pounds of Fe? The equation is: 

+ 3CO2 

3(12 -|- 32)1 molecular 
132 /weights 



2le,()., 

b 

3T 

= 4Fe 


2(1 12 4- 4N1 


X 1 

2 4 X 50 


320 


30 

224 

This 

e(|uati(ui vlu>ws 

(ha 

t the 

masses of e; 

1 here an 

• dnO units on e; 

ich 

side. 



Proix.rtions can now be set up with the actual weight of the 224 units of Fe 
e(|uivaient to 100 poumk. rhu>. 


(• 

f lb 


11 ^ II) 
224 ^ 

100 X 30 
224 


lb = 10.1 lb carbon 
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Table of Some Elements Showing Atomic Weights and Properties 


Rlcmeni 


Symbol 


Aluminum 

Antimony 

Beryllium 

Bismuth 

Cadmium 

Calcium 

Carbon 

Chromium 

Cobalt 

Copper 

Gold 

Hydrogen 

Iron 

Lead 

Lithium 

Magnesium 

Manganese 

Mercury 

Molybdenum 

Nickel 

Nitrogen 

Oxygen 

Phosphorous 

Platinum 

Silicon 

Silver 

Sulphur 

Tantalum 

Tin 

Tungsten 

Vanadium 

Zinc 


Al 

Sb 

Be 

Bi 

Cd 

Ca 

C 

Cr 

Co 

Cu 

Au 

H 

Fe 

Pb 

Li 

Mg 

Mn 

Hg 

Mo 

Ni 

N 

O 

P 

Pt 

Si 

Ag 

S 

Ta 

Sn 

W 

V 

Zn 


A iomic 
Weight 

Density 
lb inP 

26.97 

0.0975 

121.76 

0.2391 

9.02 

0.0658 

209.00 

0-3541 

112.41 

0.3125 

00 

0 

• 

0.0560 

12.01 

0.0802 

52.01 

0.2579 

58 -94 

0.3216 

63-57 

0.323 

197.2 

0.6973 

1.008 

0.3026 X 10"^ 

55-84 

0.284 

207.21 

0.409 

6.940 

0.0193 

24.32 

0.0628 

54-93 

0. 268 

200.6I 

0.489 

95-95 

0.368 

58.69 

0.322 

14.008 

4. 209 X 10"^ 

16.000 

4.812 X 10"^ 

31.02 

0.0657 

195-23 

0.774 

28.06 

0.087 

107.88 

0.38 

32.06 

0.075 

180.88 

0.60 

118.70 

0.264 

183.92 

0.698 

50-95 

0.205 

65.38 

0.258 


Melting 
Point °P 

1214.6 

1166.9 

2345 

519.8 
609.6 

1564 

2822 
2714 
1981.4 

1945-4 
— 434-4 
2795 
621.2 

366.8 
1204 
2268 
-38.0 
4748 
2646 

-345-87 

-361.12 
111.4 
3224 
2600 
1761 
235 4 
5162 
449.6 
6098 
3110 
787 


In the making of steel, many reactions involve acids and bases. Most 
of the metals in molten steel are present as oxides. Since these oxides are 
liquid at that high temperature, they react as if in a water solution. Oxides 
of nonmetals are acids; oxides of metals are bases. Since acids and bases 
react very easily when brought together, care must be observed in the choice 
of furnace linings. 
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ri:MPKRATl’RK SCALE CON\T.RSION FORmTLA 
To change from Fahrenheit to Centigrade: 

C = -?(F - 32) 

I'o change from Centigrade to Fahrenheit: 

F = K + 32 

Suggested F'quipment for a Metallurgical Laboratory 
I he following list of equipment will provide laboratory work on: 

I. Heat-treating of all types 
■>. Powder metallurgy 

3. Auslempering 

4. Macrographic work 

5. Micrographic work 

6. Surface inspection 

7. Spectrographic analysis 

8. Clrain size determination 

I'his equipment, in conjunction with a materials testing laboratory, would 
give a well-rounded laboratory program in metallurgy. The list is meant 
to be a guide only, for there are many makes of equipment on the market 
ha\'ing a wide range of prices. The cost of the following list would be 
between $4500.00 and S5500.00. 

20- to 30-ton hydraulic press for making powder metallurgy specimens. 
Punch and die for making powder specimens. 

Specimen cutter with coolant circulating pump. 

Double-end grinder. 

IMastic mounting press. 

I'wo standard and one slow-speed polishing machines mounted in a table. 
Klectric furnace with pyrometer and rheostat or automatic control. 

Gas furnace capable of heating to 2300 K. 

Small pot furnace. 

Immersion-type pyrometer. 

Two metallurgical microscopes. 

('amera attachment for microscope. 

Low-power camera. 

Focusing glass. 

Surface inspector. 

Grain-size eyepiece. 

Darkroom equii)mcnt: 

Sink 

Projection j^rinter 
( onlact printer 
W aslier 
1 )ner 
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Pans 

Paper cutter 

Safe lamp 

Spectrograph with equipment for d-c and a-c source. 

Rockwell hardness tester. 

Chemical sink. 

Laboratory lamp. 

Storage cabinets and benches. 

Outline of a Laboratory Course in Elementary Metallurgy 

The following are brief descriptions of laboratorj^ experiments that might 
accompanj'^ an elementary metallurgy course: 

(Additional information concerning heat-treatments, etchants, polishing 
methods, and photographic techniques can be found in the American Society 
of Metals publication Metals Handbook.) 

1. Determine the upper critical temperatures of several pieces of steel 
by testing with a magnet. Increase the temperature of the furnace in 25 F 
increments, and allow the test piece to come up to the furnace temperature 
before testing for loss of magnetism. The steel loses its magnetism at the 
upper critical temperature. Quickly quench the test piece in water at the 
first temperature at which the metal is para-magnetic, and check the hardness. 

2. Harden several pieces of high-carbon steel. Temper at temperatures 
varying from 400 F to 1000 F. Examine grain structures and grain sizes. 

3. Heat one specimen of high-carbon steel to just above the upper 
critical temperature and quench immediately. Heat a second specimen 
200 F above the upper critical temperature, hold it there for one-half hour, 
and then quench. Compare grain structure and grain size. 

4. Cyanide a piece of low-carbon steel. Polish, etch, and examine a 
cross section of the cyanided steel. 

5. Carburize a piece of low-carbon steel. Break the specimen and study 
one cross section as broken. Polish, etch, and inspect the other. 

6. Heat a piece of high-carbon steel above the upper critical temperature 
and quench in a bath at 1000 F. Allow the piece to remain in the bath until 
transformation is complete. Examine grain structure. Repeat, using other 
quenching temperatures. 

7. Polish, etch, and examine specimens of gray cast iron, white cast 
iron, and malleable iron. Compare grain structures. 

8. Macroetch a steel forging and examine for flow lines. 

9. Weld two pieces of hardened high-carbon steel together. Find Rock¬ 
well hardness at varying distances from the weld. Study grain structure 
at varying distances from the weld. 

10. Heat three pieces of 60/40 brass to 1525 F for one-half hour. Quench 
one in water, cool one in air, and cool one slowly in the furnace. Etch 
and compare the grain structures. 

11. Cold-forge a piece of 70/30 brass to about one-half cross-section area. 
Cut into two pieces. Etch and examine one as is; heat the other to 1475 F 
for one-half hour, then etch and examine. 
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12. .\nneal a piece of duralumin (lyS) by healing to about 660 F and cool 
at a rate of not over 50 F per hour until 500 F is reached. It may then be 
cooled in air to room temperature. Check the hardness. 

Heat the metal to 950 F and quickly quench in water. Check the hard¬ 
ness immediately and then check every 24 hours for four days while it ages. 

13. Microphotograph several etched specimens. Develop and print the 
pictures. 

14. Macropholograph several specimens. Develop and print the 
pictures. 

15. Make spectrographs of several metals and analyze the metals quali¬ 
tatively. If a densitometer is available, analyze quantitatively. 

SuGOESTKD Equipment for a Materials Testing Laboratory 

Universal testing machine with accessories 

Impact testing machine 

d'orsion testing machine 

Fatigue testing machine 

Rockwell hardness tester 

Hrinell hardness tester 

Kxtensiometer 

Micrometer 

Thread micrometer 

Dividers 

Specimen marking tool 

Bench lathe for making specimens 

Milling machine for making specimens 

rhe above equipment would j)rovide laboratory work in most of the 
standard tests. The cost would be somewhere between $8000.00 and 
$10,000.00. 
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Duven^Kirt, E. S., 67 

Davis, H. 1 -:., Troxell, G. E., and Wiskocil, 
C. T., lesting and Inspection of Engi¬ 
neering Materials, 177 
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Defects, casting, 24 
Degreasing, vapor, 101 
Dendrites, 39 

Depressor-bar type recording devices, 129 
Depth of focus, 156 
Desch, C. H., ^^etaUogroph^\ 176-177 
Design: 
casting, 24 
pattern, 22-24 
Diagrams: 

constitution or equilibrium, 44-53 
construction, 45 
eutectic, 47 
iron-carbon, 54—58 
types of, 45-52 
Guillet’s, 47 
stress strain, 16, 20 
Die-casting, 28-29 
Diffraction, X-ray, 146-147 
Digesters, 10 
Dipping, hot, 106 
Direct illumination, 157 
Dispersion-hardening, 67, 70 
Doan, G. E., Principles of Physical Metal¬ 
lurgy, 176 

Dowdell, R. L., Jerabek, H. S., Forsyth, 
A. C., and Green, C. H., General Metal¬ 
lography, 176 
Dowmetal, 88 
Draft, 24 
Drag, 22 
Drawing, 63 
Ductility, 18, 20 
Duralumin, 87 

E 

Elasticity, 15, 19 
modulus of, 17, 20 
Elastic limit, z6, 20 
Electric-arc furnace, 7 
Electric furnaces, 7-8, 121 
Electro-cleaning processes, 103 
Electrogalvanizing, 107 
Electrolysis, 10, 13 
Electrolytic etching, 155-156 
Electroplating, 106, 108 
Elementary metallurgy, laboratory' course 
in, 171-172 , 

Elements, 163 
hardening of, 8x 
table of, 165 
Elongation, percent, z8 
Endurance Limit, 19, 142 
Equations: 
balancing, 164 
chemical, 164 

Equilibrium diagrams, 44-53 
construction of, 45 


I Equilibrium diagrams {cont.): 
eutectic, 47 
iron-carbon, 54-58 
types of, 45-52 
Equipment: 

metallurgical laboratory, 170-171 
material testing laboratory, 172 
Etching, 155-156 
electrolytic, 155-156 
Eutectic, 53 
alloy, 47 
diagram, 47 
point, 47 
temperature, 47 
Kutectoid, 53 
steel, 62 

Extensometers, 147 
Extrusion, 36 

F 

Fabrication of metals, 22-26 
Facing, 151-152 
Fatigue, 19-20 
limit, 142 
tests, Z47 

' h'errite, 54, 58, 60 
solubility curve, 56 

Ferrous metallurgy', reading list on, 176 
Ferrous metals and alloys, 72-80 
Films and filters, 158 
Flame cleaning, 100-101 
Flame-hardening furnaces, 122-124 
Flask, 22 
Flux, 12 

Focus, depth of, 156 
Forging, 36 

Frier, W. T., Elementary Metallurgy, 175 
Fuel-fired furnaces, 118-119 
i Fuels, 117-118 
' Full annealing, 70 
Furnaces: 

and their controls, 117—131 
reading list on, 177 
blast, I 
cupola, 8 

desired characteristics of, 117 
electric, 7-8, 121 
electric-arc, 7 
flame-hardening, 122-124 
fuel-fired, 118-119 
induction, 7-8 
reverberatory', 8 
types of, 118 

Fusible material castings, 26-27 
Fusion welding, 92 

G 

Galvanizing, 108 
Gamma iron, 54, 57 
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lianguc, 1, 12 

(filkey, H. J., Murphy, (i., and Bergman, 
E. C., ^fat^rialx Testing, 177 
(drains, tg, 30. 42 
orientation. 41 
size, 40 41 
structure. 37-43 
(»ray cast iron, 12 
Gray iron. 79 
Grinding, 152-153 
(iuillet’s diagram. 75 
Gun-nictal bronze, 85 

H 

Hardening; 
age, 42, go 
case, 60-()7 
dispersion, 07, 70 
methods of surface, 
of elements, 81 

precipitation, 42 43. X5-8<*. go 
secondary, 77. 80 
strain, 42 

strained space-lattice theory of, 43 
work, 41-42 

Hardness, 17-1S, 20, i32-i3(), 147 
number: 

Brinell, 17 
Rockwell, 18 
Sclcroscope, 135 
tester; 

Hrinell. 132-134 
Rockwell, 134-13S 
Rockwell superficial, 135 
Vickers Pyramid, 135 
\’ickcrs type brale, 135-130 
Healing: 

induction, 121-122 
mediums, 120-121 
Heat-treatment of steel, 59-71 
Henry, (). H.. and Claussen. G. K., ir./r/- 
Mihillurf’y, 177 
Hooke’s law, 16. 96 
Hoppers, i 

Horizontals, principle of, 49-50, 53 
Hot cracks. 95, g; 

Hot di|)ping, 100-107 
Hot-metal mixers, 3 
Hot tears, J4 25 
Hypereutecloid steel, 02. Oq 
Hypoeutectoid steel, 02 

I 

Illumination: 

conical, 157 
ilark-lield, 157 
direct, 157 


Illumination (cont.): 
plane-glass, 156 
prism, 156 
Impact tests, 140-143, 147 
Induction: 
furnace, 7-8 
heating, 121-122 
Ingots, 5, 12 
Insolubility, 38 
Inspection: 

metallographic, 149-160 
of specimens, microscopic. I5f»-i57 
supersonic, 145. 147 
Interstitial class of solid solutions, 3.8 
Intimate mixture, 4S 
Invar, 75 
Iron, 1-5 
alloy cast, 79 
alpha, 54, 57 
cast, 12, 78-79 
gamma, 54, 57 
gray, 79 
gray cast, 12 
malleable, 79 
malleable cast, 8-9 
pig. 3 . 12 
white, 79 
white cast, 12 
wrought, 8 -q 

Iron-carbon constitution diagram. 54-58 
Izod tests, 142 

J 

Jevons, J. D., .l/c6i//nrt;,v of n,,p J)r,nvin^ 
iinJ Pressinf^, 175 
Johnson, C. (t., Mtiallurgy, 17^ 

Joints, welded, 92 

Jones, \V. D., Prim iphs of Pox.th r M.iol- 

fitrgy, 177 

K 

Kehl, G. L., Primiplts 0/ MftoUonraphii 
Laboratory Prattict\ 177 
Kinzel, A. H., and Franks, R., AHoys of 
Iron and Chroniiiini, 176 

1 . 

Laboratory: 

coulee in elementary melalliirg\*, 171-172 
equipment for a materials testing. 172 
equipment for a metallurgical, 170-171 
practice, reading list on. 177 
Lead, $2 
Lederburite, 5S 
Light, |)olarized, 157 
Limit: 

elastic, ic, >0 
proportional. 20 
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Liquid baths, iig 
Liquid cooling stage, 127 
Liquidus, 45, 52 
Locating points, 23 
Lost wax process, 26 
Low brass, 84 

Low melting alloys, 170-171 

ii 

Machinability, x8, 20 
Machinery bronze, 85 
^[achincry '5 Handbook^ 175 
Macro-inspection, 160 
Magnaflux, 143 
tests, 147 

Magnesium, ii—12, 82 
alloys, 88 

Magnetic analysis, 145, 147 
Magnification, correct, 157-158 
Malleability, 18, 20 
Malleable cast iron, 8-9 
Malleable iron, 79 
Manganese, 76 
Manufacturing: 

process in powder metallurgy, 109-111, 
116 

reading list on, 175-176 
Martempering, 69-70 
Martensite, 60-61, 69 
Mass: 

effect, 67, 70 

law of conservation of, 164 
Materials: 

mechanical properties of, 14-21 
testing, reading list on, 177 
testing laboratory equipment, 172 
Matte, 9 

Mawhinney, M. H., Practical Industrial 
Furnace Design^ 177 
Maximum temperature of a weld, 92-93 
McMullen, O. W., Metallurgy of Iron and 
Steel, 175 

Measurements, voltage, 129 
Mechanical cleaning processes, 107 
Mechanical properties of materials, 14-21 
Metal: 

Babbitt, 89 
Bahn, 89 

coatings, sprayed, 107 
cooling, in welding, 94—95 
Monel, 88 
Muntz, 84-85 
natural, 88 
testing, 132-148 
Wood’s, 88 

Metallographic inspection, 149-160 
Metallurgical laboratory equipment, 170- 
171 i 


Metallurgy', 14, 19 
powder, 109-116 

advantages of, 112-113 
applications of, 114-115 
disadvantages of, 114 
limitative factors in, 116 
manufacturing process in. 109-111, 
116 

reading list on, 177 
reading list on general, 175 
welding, 92-98 

Metallurgy, laboratory course in ele¬ 
mentary, I7I—172 
Metals: 

bearing, 89-91 
cleaning of, 99-108 
coating of, 99-108 
cutting, 89-91 
fabrication of, 22-36 
ferrous, and alloys, 72-80 
non-ferrous, and alloys, 81-91 
refining of, 1-13 
soft, 88-89 

solidification of, 38-40 
Metals Handbook, 155, 167, 175 
Microscopes, 158-160 

Microscopic inspection of specimens, 156- 

157 

Mill, rolling, 31-35 
Millivoltmeter, 129 

Mills, A. P., Hayward, H. W., and Rader, 
L. F., Materials of Construction, 175 
Mixers, hot-metal, 3 
Modulus: 

of elasticity, 17, 20 
of rigidity, 17 
shear, 17 
Young’s, 17 
Molds: 

plaster of Paris, 26 
sand, 25 

Molecular weight, 163 
Molecules, 163 
Alolybdenum, 77 
chrome, 78 
Monel metal, 88 

Moore, H. F., Textbook of Materials of 
Engineering, 176 
Mounting specimens, 150-151 
Multiple beads, 97 
Muntz metal, 84—85 
Mushy stage, 53 

N 

Natural metal, 88 

Newton, J., Introduction to Metallurgy, 175 
Newton, J., and Wilson. E. L.. Metallurgy of 
Copper, 177 
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Xickel. 74-7(), 8i 
chrome, 78 
N'ickel-chromium. 88 
Xitriding |)rocess. 66-07, 70 

Xon-ferrous metallurgy, reading list 
176-177 

Xon-ferrous metals: 
and alloys, 81-01 
cleaning, 103 

Xon-pressure welding, 92, 97 
Xormalizing, 66. 70 


O 

Open-hearth process, 5-6 
Optical pyrometers. 120-130 
Ore, 1,12 

Orientation. elTect of grain, 41 
Oittlhir 0/ 175 

Oxidation. 12, 164 



Pattern design, 22-24 
Pearlilc. 56, 58, 60, 62-63 
Pcening; 
efTect of, 96-97 
shot, TOO 

Percent elongation, i8 
I’crcent reduction of area, 18 
Permanent mold castings, 27 
Phases and constituents, 54-«;8 
Phosphor-bronze. 85 

Pickling process, 102-101, 107 
Pig iron, 3, 12 
I’iRs. 3 . 12 
Piping, 95 

Plane-glass illuminator, 156 
Plaster of Paris molds, 26 
Plastic coppers, 47 
Plasticity, 13, 19 
Platinite, 75 
Plumbers’ solder, 51 
Polarized light, 157 
Polishing, 134-155 
Position, elTecl (»f weld, 93 
I’otentionieler, 129 
Powder metallurgy, 109-116 
advantages of. 
applications of, j 14- 113 
disadvantages of, 114 
limitative factors in, i it. 

tnanufacluring process in. icki-iii, 
reading \\^i on, 177 
Powders, 111 -11 j 

Precipitation-hardening, 42-43, 83-80, 

Pressure welding. 92. 07 
Primary constituents. 00 (-i. (a, 
Primary sorbite. 61 


on, 


Primary troostite, 60-61 
Print hammer recording device, 129 
I’rint wheel recording device, 129 
Prism illuminator, 156 
Proportional limit, 20 
Puddling process. 0 
Pyrometers, optical. 129-130 
Pyrometry, 127-128 


Q 

Quaternary alloys, 73-74 
Quaternary alloy steel, 80 
Quenching Iluids, 126-127 

R 

Radiography, 143-M5, *47 
Ramet, 90 

Reading list, reference, 175-177 
Recording devices, 129 
depressor-bar type, 129 
print hammer, 129 
print wheel, 129 
Red short, 95, 97 
Reduction, 12, 164 
Reduction of area, percent, 18 

Reed, K. L., Photomicrof^rophs of Iron and 
Stcfl, 176 

Reference reading list, 175-177 
Refining of metals, 1-13 
Residua) stress, 96 
analysis of, 146-147 
Resolution, 156 
Reverberatory furnace, 9, 13 
Rhead, t. L., MtiaJInrgy, 175 
Rigidity, modulus of, 17 
Rockwell hardness number, iS 
Rockwell hardness tester, 134-133 
Rockwell superficial-hardness tester, 135 
Rollason, K. C., .\fttailnrgy for Pnginrers, 

ns 

Rolling mill, 31-33 

Roscnholtz, J. L., and Oestcrle, J. K., FJr~ 
tnenis of Ferrous M(taUurs.y^ 176 

S 

S.A.E. classification, 72 

Sachs G., and Van Horn, K. R., Pnulkal 

17^ 

Samims, C. H., Fnf,inevrittg Mdals and 
Thar Alloys, 175 
Samples, obtaining, 149-150 
Sand molds, 25 

Sauveur, A,. Mtlatlogrophy ../ Iron „»,/ 
170 

Schoi)|> prtxxss, 107 

Schwarzkopf, !>., i;; 

Scleroscoi>e hardness number, 135 ' 

Scott. E. I*., foundry F<fuiptHt'nl„ 170 
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Season cracking, 84 
Secondary constituents, 03—64, O9 
Secondarj’ hardening, 77, 80 
Secondary troostite, 64 
Segar cones, 130-131 
Seitz, F., Phystrs of Ateiais, 176 
Shear, 14 
modulus, 17 
Sherardizing, 107 
Shot-peening, 100 
Shrinkage cavities, 25 
Silicon, 77-78 
chrome, 78 
Silicon-bronze, 8$ 

Sintering, no, 116 
Size, grain, 40-41 
Skelp, 36 
Skip-cars, 1 
Slag, 3, 12 
inclusions, 24 
Slip-planes, 41 
Slush casting, 27 
Slushing compounds, 105-106 
Smelting, 1, 12 

Society of Automotive Engineers, 72 
Soft metals, 88-89 
Solder, 88 
plumbers*, 51 
tin, SI 

Solidification of metals, 38-40 
Solid solution, 38, 42 
interstitial class of, 38 
substitution class of, 38 
Solidus, 45, 53 
Solubility, 38, 42 
Solubility curve: 
cementite, 56 
ferrite, 56 

Solvent cleaning, loi 
Sorbite, 60, 64, 69 
primary, 61 
Space-lattice, 38, 42 
strained, 43 

Specimens, mounting, 150-151 
Spectrographic analysis, 145-147 
Spheroidized cementite, 64-65, 69 
Sprayed metal coatings, 107 
Spray process, 107 
State, 52 

Steel, 4, 12, 59-60 
acid, Z2 
alloy. 73-74 
basic, 12 
carbon, 73 

classifications, 72-73 
cold-finished, 35 
eutectoid, 62 
heat-treatment of, 59-71 
hypereutectoid, 62, 69 


I Steel {coat.)-. 



quatcrnar)’ alloy, 80 
ternary alloy, 80 
Steel in the Ataking, 176 
Stellite, 90 
Stiffness, 15, 19 
Stoves, 3 

Strain, 15—16, 19-20 
unit, 20 

Strained space-lattice theory of hardening, 
43 

Strain-hardening, 42 
Strength, 15, 17, 19 

effect of grain structure on, 40 
ultimate, 17, 19 
yield, 17, 20 
Stress, 14-15, 19 
residual, 96 

analysis of, 146-147 
temperature, 19 

unit, 14-1S, *9 
Stress-strain diagram, 16, 20 
Structure: 
grain, 37-43 

of metals, reading list on, 176 
Substitution class of solid solutions, 38 
Superficial-hardness tester, Rockwell, 135 
Supersonic inspection, 145, 147 
Surface hardening, methods of, 66-67 

T 

TTT-curves, 67-70 
Tantalum, 83 
Tantalum-carbide, 90 
Teichert, E. J., Ferrous A£etallur^y^ 176 
Temperature: 
effects, 42 
eutectic, 47 

of a weld, maximum, 92-93 
scale conversion formula, 170 
stresses, 19 
Tempering, 63 
Tensile tests, 136-140, 147 
Tension, 14 

Ternarj' alloys, 52, 73-74 
Ternary alloy steel, 80 
Testing: 

laboratory, equipment for a materials, 172 
metal, 132—148 
Tests: 

Charpy, 142 
creep, 143, 147 
fatigue, 147 
impact, 140-143, 147 
Izod, 142 
magnaffux, 147 
tensile, 136—140, 147 
torsion, 140, 147 
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rhermocouples, characteristics of, 12^129 
Tin, 82 
solder, 51 
Tinning, 106 
Torsion tests, 140. 147 
Toughness. 18. 20 

Trinks, f miuslrial Furnaces, 177 
Troostite, 69 
primaPk', 60-61 
secondary, 64 
Tubing, 35-36 
Tumbling, 99-100 
Tungsten, 76-77, 83 
Tungsten-carbide, cemented, 90 
Tuyeres, 3 

U 

Ultimate strength. 17, 19 

Unit strain, 20 

Unit stress, 14-15, 19 

\' 

Vanadium, 77 
chrome, 78 
Vapor: 

blanket cooling stage, 126-127 
degreasing, 101 
transport cooling stage, 127 
Vickers Pyramid hardness testing machine. 
*35 

Vickers type brale, 135-136 
Voltage measurements, 129 

W 

Weight: 
atomic, 163 


Weight {coHt.): 

molecular, 165 
Weld: 

maximum temperature of a, 92-93 
jM>sition, effect of the, 05 
Welded joints. 02 
Welding: 
bell, 36 

cooling metal in, 94-95 
fusion, 92 
metallurgy, 92-98 
reading list on, 177 
non-pressure, 92, 97 
pressure, 92, 97 
W’hitc cast iron, 13 
White iron, 79 

Wilkins, R. A., and Hunn, E. S., Copper- 
Base Alloys, 177 

Williams, R. S., and Homerberg, V. O., 
Principles of Mctallographs\ 177 
Wire-strain gages, 147 

Wood, W'. D., and Cork. J. M., Pvrotnelry, 
177 

Wood’s metal, 88 
W'ork-hardening, 41-42 
W'rought iron, 8-9 

X 

X-ray diffraction, 140-147 

\ 

Yield strength, 17, 20 
Young’s modulus, 17 

Z 

Zinc, 82 
alloys, 89 
coatings, 100-107 
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